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Abstract

Cryptographic protocols are small programs which involve a high level of concurrency and that
are difficult to analyze by hand. For instance, a flaw in the infamous Needham-Schroeder public
key authentication protocol (consisting of three simple message exchanges) was only discovered 17
years after its first publication. Therefore, the need for formal methods to achieve this analysis has
been recognized and many approaches to model and analyze cryptographic protocols have been
proposed. The most successful methods rely on rewriting techniques and automated deduction
in order to implement or mimic the process calculus describing the protocol execution. The first
existing tools and results implemented the cryptographic primitives as black-boxes and did not
consider the algebraic properties of the operations that are actually used in the real implementa-
tions of protocols. For instance, the DES and the AES encryption methods make extensive use of
the exclusive or operation; other protocols rely on homomorphic properties of modular exponen-
tiation. Therefore, the formal approach has been extended to handle algebraic properties. Several
extensions of the formal approach exist, among others, for the ezclusive or, a restricted notion of
modular exponentiation, and for Abelian groups.

The classical approach of Dolev and Yao consists in modeling the capabilities of an intruder by
a deduction system. The analysis of this deduction system relies on the notion of a local theory, i.e.
a theory where a simplest proof that a term ¢ is deducible from a set of terms 7' can consist only of
subterms of T" and t. The problem whether an intruder can gain a certain information ¢ from a set
of initial knowledge 7', that is in this formalization whether there is a proof of ¢ from T, is called
the intruder deduction problem. The deduction system contains rules describing cryptographic
primitives (for instance knowing a key K, a term ¢ that is the encryption of s by K, one can
deduce s) and possibly axioms describing the algebraic properties of the relevant operations. A
further problem, which lies beyond the intruder deduction problem, is to design an algorithm for
constraint satisfaction that relies on the intruder deduction procedure.

In this paper we focus on the intruder deduction problem in presence of several variants of AC-
like axioms (from AC to Abelian groups, including the theory of ezclusive or) and homomorphism
that are the most frequent axioms arising in cryptographic protocols. The first issue is to prove
the decidability of the intruder deduction problem in these cases, the second issue is to have a
good complexity for the decision procedure. Solutions are known for the cases of exclusive or and
of Abelian groups alone. In this paper, we address the combination of these theories with a law
of homomorphism which leads to much more complex decision problems.

We have been able to prove decidability of the intruder deduction problem in all cases consid-
ered. Our decision procedure is in EXPTIME, except for a restricted case in which we have been
able to get a PTIME decision procedure using a property of one-counter automata.
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Chapter 1

Introduction

Automatic Verification of Cryptographic Protocols in Presence of Equational Axioms.
Cryptographic protocols are ubiquitous in distributed computing applications. They are employed
for instance in Internet banking, video on demand services, wireless communication, or secure
UNIX services like ssh or scp. Cryptographic protocols can be described as relatively simply
programs which are executed in an untrusted environment. These protocols use cryptographic
primitives in order to implement symmetric (shared-key) encryption, and asymmetric (public-
key) encryption and signatures. Often both symmetric and asymmetric encryption are used in
combination by a single protocol. The ssh protocol, for instance, uses in a first phase asymmetric
encryption in order to have the two protocol participants agree on a shared key which is then used
to encrypt subsequent data flows using symmetric encryption (which is much more efficient than
asymmetric encryption).

Contrary to the classical verification problem, the question is here not the correct execution
of usually large and complex programs in a trusted environment, but the correct execution of a
usually simple program in a hostile environment. Ross Anderson and Roger Needham [AN95] have
paraphrased the problem of protocol design as the problem of “programming Satan’s Computer”.
Verifying protocols is notoriously difficult, and even very simple protocols which look completely
harmless may have serious security flaws, as it was dramatically demonstrated by the bug of the
Needham-Schroeder protocol found by Lowe [Low95| using a model-checking tool. The protocol
was published since 17 years and widely believed secure before the flaw, a so-called man in the
middle attack, was found.

There are many different protocols published in the literature. An overview of authentication
protocols known a decade ago can be found in [CJ97], a more recent data base of protocols and
known flaws is [Jac|. These protocols are often implemented in small variants which differ from
the originally proposed protocol, or are used in combination with other protocols. This raises the
need of automatic tools for protocol verification.

There are different approaches to modeling cryptographic protocols and analyzing their secu-
rity properties: process calculi like the spi-calculus [AG99], cryptographic proofs (see, for instance,
[AROO]) which consist in reducing the existence of an attack against a protocol using certain crypto-
graphic primitives to cryptanalytic attacks against the cryptographic primitives, and the so-called
approach of Dolev and Yao [DY83] which consists in modeling an attacker by a deduction sys-
tem. This deduction system specifies how the attacker can obtain new information from previous
knowledge, which he has either obtained by silently eavesdropping the communication between
honest protocol participants (in case of a passive attacker), or by eavesdropping and fraudulently
emitting messages, thus provoking honest protocol participants to reply according to the proto-
col rules (this is the case of a so-called active attacker). We call intruder deduction problem the
question whether a passive eavesdropper can obtain a certain information from knowledge that he
observes on the network.

The first two approaches to model cryptographic protocols, process calculi and cryptographic
proofs, lead to verification problems which are very hard to automatize. The Dolev-Yao approach,



however, lends itself to automatization since the question whether the intruder can obtain a certain
information now reduces to the question whether this information can be deduced using a certain
deduction system. On the other hand, a drawback of this approach is its limitation to so-called
trace properties of protocols, such as the question whether the attacker can gain knowledge of a
certain information (the so-called security problem).

Classically, the verification of cryptographic protocols was based on a black-box view of cryp-
tographic primitives. That is, verification of cryptographic protocols adopted the so-called perfect
cryptography assumption which states that it is impossible to obtain any information about an
encrypted message without knowing the exact key necessary to decrypt this message. This as-
sumption allowed a separation of verification tasks into proving lower bounds for the cryptanalysis
of the cryptographic primitives on the one hand, and verification of a distributed program on the
other hand. Unfortunately, this perfect cryptography assumption has proven too idealistic since
there are protocols which can be proven secure under the perfect cryptography assumption, but
which are in reality insecure since an attacker can use properties of the cryptographic primitives
in combination with the protocol rules in order to obtain knowledge of a secret. These properties
are typically expressed as equational axioms (so-called algebraic properties), like for instance as-
sociativity and commutativity of certain operators. Algebraic properties may be essential for the
executability of the protocol, or may just come into play because for some reason cryptographic
primitives with these properties are employed. A recent overview of algebraic properties of cryp-
tographic primitives, their use to mount attacks on protocols, and existing results on verification
of cryptographic protocols in presence of equational axioms can be found in [CDLO04].

A number of results have been obtained, both for the intruder deduction problem and for the
preservation of secrecy under active attacks'. We here only mention some results which are of
particular relevance to the problems studied in this report: the intruder deduction problem is
decidable [CLS03] in polynomial time [CKRTO03] in case of the equational axioms of exclusive or,
and decidable [CLS03] in polynomial time [Tur03] in case of the equational axioms of Abelian
groups?. Likewise, the intruder deduction problem is decidable in polynomial time [CLT03] in
the case of the equational theory of an homomorphism. Note that the two equational theories of
exclusive or and of homomorphism model basic properties of important cryptographic primitives:

e cxclusive or is a basic building block in many symmetric encryption methods (for instance
DES or the more recent AES) or even used directly as an encryption method;

e homomorphisms are ubiquitous in cryptography since many asymmetric encryption methods
are based on modular arithmetic. Furthermore, symmetric encryption methods which often
work on data blocks of fixed size are in the simplest of cases (the so-called electronic codebook
mode) homomorphically extended to data streams of arbitrary size.

An Example of an Attack against a Protocol Using the Equational Theory of Exclusive
Or and of Homomorphism. This example is taken from [CDL04|. The Wired Equivalent
Privacy (WEP) protocol, described in [80299], is used to protect data during wireless transmission.
To crypt the message M, A applies the xor (exclusive or) operator to RC4(v,Kab) and (M,C(M))
where C(M) is the integrity checksum of the message M and RC/ is a function modeling the
RC4 algorithm which is used to generate a keystream (i.e. a long sequence of pseudo-random
bytes) from the initial vector v and the secret key Kab shared between A and B. To decrypt the
received message, B computes RC/ (v, Kab) and after applying exclusive or to it and to the received
message, he obtains (M,C(M)) and can verify that the checksum is correct. We can represent this
simple protocol by:

A— B:v,(M,C(M))® RC4(v, Kab))

1These results have been obtained only for a bounded number for parallel sessions since this verification problem
for an unbounded number of sessions is already undecidable for an empty equational theory, that is under the
perfect cryptography assumption.

2In fact, the NP-decision procedure in the case of Abelian groups given by [CLS03] can also be improved to
deterministic polynomial time using the techniques explained in this report.



The checksum function C' has the homomorphism property over xor, i.e. C(x ®y) = C(z) &
C(Y). When messages have compatible lengths we have also (z1, y1)® (22, y2) = (z1®x2, y1By2).

We will now describe two attacks among those given in [BGWO1].

The first one uses the fact that encrypting two messages P1, P2 with the same initial vector v
and with the same key k can reveal some information. Indeed, we have the following equalities
between the ciphers C'I, C'2 and their associated plain texts P, P2 which allows an intruder who
knows a plain text P1 and its cipher CI to decrypt any cipher C2. This attack only uses the
properties of the xor symbol:

Cle&C2 = ((P1,C(P1))@ RCA(v, k))& (P2,C(P2)) & RCA(v, k))
(P1,C(P1)) & (P2,C(P2))

The second attack allows an intruder to make controlled modifications to a cipher text without
disrupting the checksum. Assume that the intruder has intercepted (M,C(M)) @ RC4(v, Kab)
and knows D. He can now obtain the cipher text associated to the message M @& D by computing:

(M,C(M)) ® RC4(v, Kab)) ® (D,C(D)) = RC4(v,Kab)® ((M,C(M))® (D,C(D)))
= RCA(v,Kab)® (M @ D,C(M) & C(D))
RC4(v,Kab) ® (M & D,C(M & D))

In this second attack the intruder uses the properties of exclusive or, a special property of
pairing and exclusive or, and the homomorphism property of C over the exclusive or operation.

Contribution and Approach of this Paper. In this paper we investigate the intruder deduc-
tion problem in presence of several variants of the equational theory of associativity and commu-
tativity (short AC) of a binary operator @, plus the homomorphism property of a binary function
symbol over the AC operator. The variants of AC which we consider are: pure AC, the theory of
exclusive or (also called ACUN), and the theory of Abelian groups. We are furthermore interested
in the combination of these AC-like theories with a generalization of one homomorphic function
to some form of distributivity of the encryption operator over the binary operator &. The homo-
morphism law is now replaced by a law stating that the encryption of the @ of two messages is
equal to the & of the encryptions of the two messages using the same encryption key. This can be
seen as the extension to an infinite family of homomorphisms, one for each possible encoding key.

We are interested both in decidability of the intruder deduction problem in any of these equa-
tional theories, and also in obtaining polynomial-time algorithms. Our results can be summarized
as follows:

1. The intruder deduction problem is decidable, more precisely it is NP-complete in case of the
theory AC plus homomorphism, and we have an EXPTIME upper bound for the equational
theory ACUN plus homomorphism and Abelian groups plus homomorphism.

2. The intruder deduction problem is in all three cases decidable in polynomial time if we
restrict the class of problems to the so-called binary case, that is the case where the set of
assumptions and the theorem do not contain @’s of more than two elements.

3. The first two sets of results carry over to the generalization which consists in replacing the
homomorphic function by an encryption operation which distributes over exclusive or.

We follow the approach of [CLS03| and [CLT03| which consists in adapting Mc Allester’s locality
method to the problem at hand. Mc Allester [McA93] introduced local proof systems which are
deduction systems (expressed as finite sets of Horn clauses) with the property that if there is a
proof of a theorem then there also is a so-called local proof, that is a proof which only uses syntactic
subterms of the set of assumption and the theorem. In case of a finite set of assumptions, existence



of a local proof can be decided in polynomial time by the well-known bottom-up algorithm for the
construction of the deduction closure of a set of terms by a finite set of ground Horn clauses (in
this case all instances of the proof rules by syntactic subterms of the assumptions or the theorem).

In general, the difficulty in applying this technique to a given deduction system consists in
showing the locality of the proof system. This is achieved by exhibiting a rewrite system which
transforms an arbitrary given proof into a local proof of the same theorem, following the idea of
proof transformation pioneered by Gentzen.

In [CLS03| and [CLT03], this approach was employed in a generalized form which consists in
extending the notion of subterms from syntactic subterms to a wider notion which is consistent
with the equational theory at hand. In case of the axioms of associativity and commutativity
we furthermore have to cope with an infinite family of rules since we have to flatten successive
application of the construction rules of an AC operator, as it was already observed in [CLS03].

In our case, the combination of for instance the theory of exclusive or with the homomorphism
law poses a major obstacle when proving locality: In the construction of proofs it may now be
necessary to construct large intermediate terms which partially cancel out when combining them
by ezclusive or, as it is explained later in the paper.

It has been shown in [CDL04| that decidability of unification modulo an equational theory E
is a necessary condition for the decidability of the security of a protocol for a bounded number
of sessions and in presence of this equational theory E. Since unification modulo AC plus homo-
morphism is undecidable [Nar96], security against active attackers is undecidable at least for this
equational theory as well.

Structure of the Paper. After reminding about some basic notions in Chapter 2 we present
in Chapter 3 the Dolev-Yao model of intruder capacities extended by equational reasoning, and
prove it equivalent to a variant of the Dolev-Yao model which works only with normal forms of
terms modulo a rewrite system in case the equational theory can be oriented into a rewrite system
modulo a background equational theory. In this chapter we also present the three equational
theories studied in this paper and their presentation as rewrite systems. Chapter 4 presents
Mec Allester’s locality technique and the generalization we are using here. In Chapter 5 we give
definitions of the notion of subterm which allow us to prove locality in the three cases. Finally, we
discuss in Chapter 6 an extension of our results to a variant where instead of one homomorphic
function we have a family of homomorphism, each of which is the encryption function by some
key. We summarize our results in Chapter 7.



Chapter 2

Preliminaries

We summarize some basic notations used in this paper, see [DJ90, BN9§| for an overview of
rewriting.

2.1 Terms

Let 3 be a signature. T'(X, X') denotes the set of terms over the signature 3 and the set of variables
X, that is the smallest set such that

1. X CT(Z, X);
2. ifty,...,t, € T(E,X), and f € ¥ has arity n > 0, then f(t1,...,t,) € T(X, X).

We abbreviate T'(X, ) as T(X); elements of T'(X) are called X-ground terms. The set of variables
occurring in a term ¢ is denoted by V(t).

The set of occurrences of a term t is defined recursively as O(f(t1,...,t,)) ={efUU,_; ,¢-
O(t;). For instance, O(f(a,g(b,x))) = {€,1,2,21,22}. The size |t| of a term ¢ is defined as its
number of occurrences, that is |¢| = cardinality(O(t)). If o € O(t) then the subterm of t at position
o is defined recursively by

o t|=t
[ ] f(tl,...,tn) ‘j-o: tj |o

St(t) is the set of (not necessarily strict) subterms of the term ¢, that is St(t) = {t |, | 0 € O(¢)}.
If t and s are terms and o € O(t) then the grafting of s onto ¢ at position o is defined recursively
as

o tle—s|=s
o f(t17...,tn)[j-0<—8] = f(tl,...,tj,l,tj[0<—8],tj+1,...,tn)

For instance, f(a, g(b,2))[22 — h(c)] = f(a, g(b, h(c))).
For a unary function symbol f and a set of terms T we define f*(7') as the smallest set of
terms which contains 7" and which is closed under application of f.

2.2 Equations and Rewriting Systems
A Y-equation is a pair (I,r) € T(3, X), commonly written as [ = r. The relation =g generated

by a set of ¥ equations F is the smallest congruence on T'(X) that contains all ground instances
of all equations in F.



A Y-rewriting system R is a finite set of so-called rewriting rules | — r where I € T(X2, X) and
r e T(X, V(). Atermt € T(XZ,X) rewrites to s in one step by R if there is a rewriting rule
[ — rin R, an occurrence o and a substitution o such that ¢ |,= lo and s = t[o < ro]|. We write
—* for the reflexive and transitive closure of —. A term ¢ is in normal form if there is no term s
with ¢t — s. If t =™ s and s is a normal form then we say that s is a normal form of t, and write
s=t|, ort—'s.

A term rewriting system is called convergent if it is

o strongly terminating, that is if there is no infinite sequence of the form t; — ty — t3 — ---.

e locally confluent, that is if ¢t — s; and ¢ — so then there exists a term r with s; —* r and
So —* 1.

By a well known result (see, e.g., [DJ90]), every convergent rewrite system is confluent, that is if
t —* s; and t —* s5 then there exists a term r with s; —* r and sy —* r. As a consequence, in
a convergent rewrite system every term has a unique normal form

By R/S we denote the so-called class rewrite system composed of a set R = {l; — r;} of
rewrite rules and a set S = {u; = v;} of equations. Generalizing the notion of term rewriting, we
say that s rewrites to ¢t modulo S, denoted s —g/g t, if s =5 u[lo], and u[ro], =g t, for some
context u, position p in u, rule I — r in R, and substitution o.

2.3 Miscellaneous
Definition 1 We write A gﬁn B if:
e ACB

e A is a finite set

We write AW B for the union of two disjoint sets A and B.



Chapter 3

A Dolev-Yao Model for AC-like
Equational Theories

We consider the classic model of deduction rules introduced by Dolev and Yao [DY83] in order to
model the deductive capacities of a passive intruder. In this model, an intruder may use any term
he has previously observed on the network, and construct new terms by pairing, unpairing, using
a free constructor, encryption and decryption, where in the last two cases the intruder also has to
know the encryption key. For the sake of simplicity we here only consider symmetric encryption;
the results and techniques can be easily transferred to the case of asymmetric encryption. Our
aim in this chapter is to extend this model by an equational theory which can be exploited by the
intruder to mount new attacks.

We are in particular interested in the case where the equational theory comprises the axioms
of associativity and commutativity (AC) of a distinguished binary function symbol. For reasons
that will become apparent in the next chapter we separate the construction rule for this binary
AC operator from the construction rule for the free function symbols, and furthermore generalize
this rule into a vary-aric rule.

In Section 3.1 we present a first variant of the Dolev-Yao model extended by equational rea-
soning. The extension consists of a rule for passing from one term to a term which is equivalent
in the equational theory. Then, in Section 3.2, we present a more effective variant of the extended
Dolev-Yao model for the case where the equational theory can be presented by a convergent term
rewriting system modulo a background equational theory (which usually is AC). In this case we
can work with normal forms of terms modulo the background theory, instead of allowing for un-
restricted equational reasoning modulo the equational theory. Finally, in Sections 3.3 to 3.5, we
show that the three equational theories we are interested in can be presented by a convergent
term rewriting system modulo AC, and hence can be handled in the framework introduced in this
chapter. These equational theories are:

e Associativity and commutativity of the distinguished binary operator &, plus homomorphism
of a unary function symbol f with respect to @ (Section 3.3), we denote this equational theory
by ACh;

e Associativity, commutativity, and nilpotence of the distinguished binary operator & and
existence of a zero element for & (that is the theory of ezclusive or), plus homomorphism of
a unary function symbol f with respect to & (Section 3.4), we denote this equational theory
by ACUNM;

e Abelian groups, plus homomorphism of a unary function symbol with respect to the group
operator (Section 3.5), we denote this equational theory by AGh.

The material in Sections 3.1 and 3.2 follows the presentation of [CLT03], but is here extended
to the case of an additional background equational theory.

10
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3.1 The Dolev-Yao Model Extended by Equational Reason-
ing

Let ¥ be a finite signature which can be partitioned as
Y= {<7 '>a {}7 @} W

that is ¥ consists of pairing (,-), encryption {-}., a distinguished binary operator @, and some
set 37 of so-called free function symbols.

Let E be an equational theory over the signature 3.

We use sequents of the form T' g ¢, where T' Cg,) 7(¥) and t € 7(X). The intended meaning
of such a sequent T kg ¢ is that an intruder with a certain set of deduction capabilities can
deduce the term ¢ from his knowledge T and using the equational theory E. In the context of
cryptographic protocols, T is typically a set of messages that an intruder has previously observed
on a network. Different deduction capabilities can be defined by different deduction systems for
these sequents.

The classic Dolev-Yao model [DY83] defines the deduction capacities of an intruder assuming
perfect cryptography. This deduction system is composed of the following rules: (A) the intruder
knows any term that he has previously observed, (P) the intruder can build a pair of two messages,
(UL, UR) he can extract each member of a pair, (C) he can crypt a message m with a key k, (D)
if he knows a key k he can decrypt a message encrypted by the same key, (F) he can construct a
new term using a free function symbol ¢ € X~.

Since we distinguish a special binary operator @ we here furthermore add a rule (GX) which
allows the intruder to build a new term from an arbitrary number of already known terms by
using the (associative) @ operator.

Finally, we model the weakening of the perfect cryptography assumption by giving the intruder
the power to use equational reasoning modulo a given set E of equational axioms. The resulting
set of deduction rules is given in Figure 3.1.

Definition 2 (Proof) A X, E-sequent is an expression of the form T \g u where E is an equa-
tional theory over X, T C g, T(Y), andu € T(X).

A proof of a 3, E-sequent T g u is a tree whose nodes are labeled by either ¥, E-sequents or
expressions of the form “v € T”, such that:
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o Fach leaf is labeled by an expression of the form v € T, and each non-leaf node is labeled by
an X, E-sequent.

e Fach node labeled by a sequent T g v has n children labeled by T +g s1,...,T Fg s,
such that there is an instance of an inference rule with conclusion T' Fg v and hypotheses
T}—E 317...,T|_E Sp-

e The root of the tree is labeled by T Fg u.

3.2 The Dolev-Yao Model Extended by Rewriting

The above model is not appropriate for automated proof search since the Eq(E) rule allows equa-
tional reasoning at any moment of a proof. In order to define a more effective model we split the
equational theory E into a background theory S and a rewrite system R.

Definition 3 (Rewrite Presentation of an Equational Theory) Let E and S be equational
theories over a signature 3, and R a X-term rewriting system. (R, S) is a rewrite presentation of
E iff

e R is locally confluent modulo S

e R is terminating modulo S

e For all closed ¥-terms u,v : u =g v iff u |[gp/s=s v |Rr/s-

In this case we can consider a variant of the extended model of Dolev-Yao defined in the
preceding section which works on the normal form modulo S of the term at each step of the proof.
The idea is that equivalence modulo S is easy to decide, such that we may omit the Eq(S) rule
and just work with equivalence classes modulo S.

For the purpose of this paper the background theory S will always consist of AC(), that is
the axioms stating associativity and commutativity of the operator &.

In the next part we will explain the equivalence of the two models. In the three final sec-
tions of this chapter we will give rewrite presentations of the three equational theories that we
are interested in, i.e. AC and homomorphism, ACUN and homomorphism, and Abelian groups
and homomorphism. We will verify that the rewriting systems associated to each of these equa-
tional theories are confluent and terminating modulo AC (to show these points we use the tool
CiME [CM96]).

To define the right notion of a normal form we need that the term rewriting system modulo the
background equational theory is convergent. Notice that local confluence and termination modulo
an equational theory of the term rewriting system imply its convergence.

We now define normal forms for a such system.

Definition 4 (Term in Normal Form) Let (R, S) be a rewrite presentation of some equational
theory E. A term t is in normal form if there is no term s such that t — /g s (t reduces to s by
a rule of the rewriting system of R modulo S). If t —* s and s is in normal form then we call s
the normal form of t, denoted s =1 |.

Note that normal forms are unique only up to S-equivalence.

Example 1 If we have the rewriting rule f(x ®y) —gr f(z) ® f(y) and S is the theory of asso-
ciatiwity and commutativity of @, then the normal form of f((a ®b) ® c) is f(a) ® f(b) @ f(c).

Normal forms have the following properties:
e Vu,v:u=pv=ul=gv]

e Vu:u=gu|
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(A) ueT (P) THu THw

(UL) TT}—'_uTl if(u,v) —'r (UR) TT}—'_UTL if(u,v) —'r
TEHu THw TEr THv !
(®) W (D) Tul if{u}y =7

TEd(ur,...,un)l TH(u1 @...0uy)l

Figure 3.2: A Dolev-Yao proof system working on normal forms modulo a background equational
theory.

An immediate remark is: if ¢[.] is a context and u a ground term then ¢[u]]| =g t[u]|. In
particular (u1 ® ... B uy) | =5 (u1 | ®... D uy )] We omit the rule (Eq(E)) and consider a new
system F presented in Figure 3.2 which only works on normal forms.

Theorem 1 Let (R,S) be a rewrite presentation of the equational theory E, T gﬁn T(X2), and
T € T(X). We have that
Trgu iff ThHu|

Proof: Given a proof of T I u | we can easily find a proof of T g u by inserting Eq(E)-steps.

For the other direction of the the theorem we transform a proof in g into a proof in + by
the transformation of Figure 3.3. This transformation does not change the leaves of a proof tree.
We show by induction that if there is a proof of T' g u then the transformation yields a proof of
ThHul.

L2

®)
Treu U=pgv 1
(Eq(E)) = (R)
Trpv Trol
Py WUn 1 Yn
(R1) (Rn) (R1) (Rn)
ThFg uy Trg uy, ThFg uy Trg uy,
(R) = [®)
Tkev Tkv|

Figure 3.3: Transformation of a proof of T'+g u into a proof of T+ u |.

We proceed by case distinction on the last deduction rule:
e (A): obvious.

e (Eq(E)): Since (R, S) is a rewrite presentation of E we get u | = v | (modulo S) so we obtain
aproof of T Fu |

e (P), (C) or (F): by induction hypothesis on all the hypotheses of the rule and with the fact
flur, .. un) L = flur l,...,un l) | we get the result.

e (GX) we know that (u1®...®u,) | = (u1 | ®...Buy]) | and by induction T F uy |,..., T+
up | We apply (GX) and conclude.
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e (D), by induction T + {u}, | and T + v |, with {u},| = {u},| | and the rule (D) we get
T+ u ], hence a proof in I-.

e (UL) or (UR) by induction we obtain the result. |

In the following we will always work with the system F which works on normal forms modulo
a background equational theory.

3.3 The Equational Theory ACh

The equational theory denoted by ACh consists of the axioms of associativity (4) and commuta-
tivity (C) of an operator @, plus the law of homomorphism of a function f over @®.
3.3.1 Equational Theory
We consider the symbols @& and f with the following axioms:
1. (zdy)®z=2® (y® z) (Associativity)
2. @y =y ®x (Commutativity)
3. fle®y) = f(z)® f(y) (Homomorphism)

3.3.2 Rewrite Presentation

We do not orient the two rules of associativity and commutativity and consider the new system
modulo AC and transform the homomorphism equation into the following rewriting rule:

e flzoy) — flo) @ f(y)

We show that this system is locally confluent and terminating.

3.3.3 Local Confluence
Showing that the system is locally confluent is equivalent to showing that all critical pairs are
joinable since the system is terminating (see below).
We see that there are no critical pairs.
3.3.4 Termination
We show termination by giving a polynomial interpretation of the function symbols:
e constant: [0] =0
e variable: [z] =«
e function f: [f(x)] = 2z
e xor: [x@yl=x+y+1
We show that all the rules of the rewriting system modulo AC are decreasing;:

o flxdy) — flx)® f(y) gives: [f(z@y)] =22 +2y+2>22+2y+1=[f(z)D f(y)]

Hence, the term rewriting system is terminating .

3.4 The Equational Theory ACUNhO

The equational theory denoted by ACUNh consists of associativity (A), commutative (C'), unity
(U) and nilpotence (N) of an operator @, plus the law of homomorphism of a function f over .
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3.4.1 Equational Theory

We consider the symbols 6,0, f with the following axioms:
1. (z®y)®2z=2® (y ® z) (Associativity)
2. z®y=y® 2z (Commutativity)
3. 0@ 2 =« (Unit)
4. z @z = 0 (Nilpotence)

5. flx@y) = f(z) ® f(y) (Homomorphism)

3.4.2 Orientation of the Axioms

Consider the following term rewriting system modulo AC:
1. 0z —=x
2. zx—0

3. flzdy) — flz) ® f(y)

We do not orient the two rules of associativity and commutativity. We now show that this
system can be extended to an equivalent and convergent system.

3.4.3 Local Confluence

Showing that a term rewrite system is locally confluent is equivalent to showing that all its critical
pairs are joinable since the system is terminating (see below).
We see that there are two critical pairs:

f@) & f(0) « fz®0) — f(z)

fl@)® f(z) « flz®z)— f(0)
With the homomorphic property f(z @ y) = f(z) ® f(y) and the properties of @ we deduce
that f(0) = f(x®z) = f(x)® f(x) =0so f(0) = 0. We add the rewrite rule f(0) — 0 and obtain

a completed rewrite system in which all critical pairs are joinable. This system is hence locally
confluent.

3.4.4 Rewrite Presentation

Consider the following confluent term rewriting system modulo AC:
1. 0@z —=x
2.z20x—0
3. faey) — f(2) & f(y)

4. £(0) >0
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3.4.5 Termination

We show termination of the confluent term rewriting system modulo AC by giving a polynomial
interpretation:

e constant: [0] =0

e variable: [z] =z

e function f: [f(z)] =2z +1

o xor: [t Dyl =x+y+1

We show that all the rules of the rewriting system modulo AC are decreasing;:

e 0Dz — xgives: [0Pzx]=x+1>2=]z]

e rdx — 0gives: [xPa]=2zx+1>0=][0]

o flx@y) = flz)® f(y) gives: [f(z®y)] =22 +2y+3>22+2y+2=[f(z)® f(y)]
e f(0) — 0 gives: [f(0)]=1>0=][0]

Hence, the term rewriting system is terminating .

3.5 The Equational Theory AGh

The equational theory denoted by AGHh consists of the laws of Abelian groups with operator @,
plus the law of homomorphism of a function f over ®.

3.5.1 Equational Theory
1. (z®y)®2z=2® (y ® z) (Associativity)
2. @y =y ®z (Commutativity)
3. 0@z =z (Unit)
4. z @ I(z) = 0 (Nilpotence)

5. fx@y) = f(z) ® f(y) (Homomorphism)

3.5.2 Orientation of the Axioms

Associate the following term rewrite system modulo AC:
1.0 —x
2. z2®I(x) =0
3. fleay) — flx)e fy)
4. f(0)—0

The last rewriting rule comes from the study of the ACUNh case (see Section 3.4).
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3.5.3 Local Confluence

We complete the system into a locally confluent system. We compute the critical pairs and add
each time a rule to solve the problem. We see that there are four critical pairs:

1.
2.
3.
4.

I(0) « I(0)®0 — 0

I(Iz)®z) oy —I((I(z)dx)®l(r)dxdy - 00y
0@z —I((I(z)®z)dl(zx)drdr— I(I(x) e

f0) = f(@)©x) — fI(2)) D f(2)

For solve each critical pairs we add the following rules :

1(0) —

Iz ®y) — I(x) ® I(y)
I(I(x)) —

f(z)) = I(f(z))

We can add these rewrite rules without problem because from the initial equations we can
deduce the following properties:

Property 1 The following equations are consequences of the axioms:

1. I(0) =0
Iz oy)=1(z) D 1(y)
I(I(x)) =
fI(z)) = I(f(x))
Proof:
1. Axiom 4 applied on 0 gives 0 @ I(0) = 0, hence I(0) = 0.
2. Axiom 4 yields @ I(x) = 0, hence (replacing by @ y) we also obtain z®y®I(z®y) = 0.
Add on each side I(x) @ I(y) to obtain I(x ®y) = I(z) ® I(y).
3. Double application of Axiom 4 yields I(I(x)) ® I(x) = 0. We add on each side x and use
Axiom 4 to obtain I(I(z)) = «.
4. We have already proved that f(0) = 0 then 0 = f(0) = f(I(z) @ x) = f(I(z)) ® f(z) then

f(I(z)) is the inverse of f(z) so I(f(x)) = f(I(z)). O

All the critical pairs are joinable by the new added rewriting rules, hence the completed system
is locally confluent.

3.5.4 Rewrite Presentation

Consider the following confluent term rewriting system modulo AC:

1.
2.

- w

00z —x
r®z—0
fleoy) — f(z) @ f(y)
f(0)—0
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3.5.5 Termination
For the termination we consider the following polynomial interpretation :
e For a constant : [0] =1
e For a variable : [z] ==
e For a function f : [f(z)] =2z
e For the function inverse I : [I(x)] =2z +1
e For the zor symbol : [t @yl =z+y+2
We show that all the rules modulo AC are decreasing.
e 0@z —ux:[0@x]=0+3>z=]1]
ez @I(zx)—»0: [zdI(z))=3z+3>1=]0]
I(@) = 2 ([((@)] =40+3 > = 4
Sy)—=Ix)dI(y): [[(zdy)]=20+2y+5>20+2y+4=[I(x)®I(y)]
)= 0: [I(0)] =3>1=][0]

=} 5%

0) = 0: [f(0)] =2>1=][0]
() = I(f(2)) : [f(I(2))] =4z +2 >4z +1 = [I(f(2))]

I(
I(
o I(
I
I
f@oy) = f@)efly): [foy)]=20+2y+4>20+2y+2=[f(2)® f(y)]

The system is terminating modulo AC.
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Chapter 4

Locality and Complexity of the
Intruder Deduction Problem

4.1 A Generalization of Locality

Our starting point is the locality technique introduced by David McAllester [McA93|. He considers
deduction systems which are represented by finite sets of Horn clauses and he proves that there
exists a polynomial-time algorithm to decide the deducibility of a term w from a finite set of terms
Ty if the deduction system has the so-called locality property. A deduction system has the locality
property if any proof can be transformed into a local proof where a local proof is a proof where all
the nodes are syntactic subterms of T and w.

The idea of the proof is as follows: the existence of a local proof can be checked in polynomial
time since there is only a polynomial number of relevant instances of the deduction rules (The
relevant instances are the instances by subterms of the given problem). To check the existence of a
local proof amounts to computing the intersection of the deduction closure of the initial knowledge
with the set of relevant terms. Algorithm 1 computes the restriction of the deduction closure of
To to the set of relevant terms.

We say that w is one-step deducible from T, if we can obtain w from 7" with only one application
of a rule of the proof system. We denote in the following algorithm the one-step deduction relation
by F=I

Input: Ty, w

T «— To,

while 3s € SyntacticSubterms(Ty, w) such that (T F<' s and s ¢ T') do
| T —TU{s}

end

return w € T;

Algorithm 1: McAllester’s Algorithm to check the existence of a local proof.

There are two main restrictions in this approach :
e The deduction system must be finite.
e The notion of locality is restricted to syntactic subterms.

These restrictions raise a serious problem when we are working modulo AC, as it is already
pointed out in [CLS03|. If we used the binary rule (GX) we would have to consider all possible
subterms modulo AC. Unfortunately, there is in general an exponential number of subterms modulo
AC of a given term. The solution proposed in [CLS03], and which we also adopt here, is to use
the rule (GX) with an arbitrary number of hypotheses. In this way, we can avoid the exponential
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number of subterms. However, we are now stuck with an infinite number of rules. Fortunately, we
can still obtain an polynomial algorithm by implementing the test used in the loop in Algorithm
1 in a clever way.

Definition 5 (S-Local Proof) Let S be a function which maps a set of terms to a set of terms.
A proof P of T+ w is S-local if all nodes are labeled by some T F v, with v € S(T U {w}).

Definition 6 (S-Locality) A proof system is S-local if whenever there is a proof of T - w then
there also is a S-local proof of T F w.

In the following theorem, K1 and Ko are complexity classes which are closed under multiplica-
tion (for instance, PTIME, NPTIME, EXPTIME, etc.).

Theorem 2 (S-Locality) Let S be a function mapping a set of terms to a set of terms, and P
a proof system. If:

o the set S(T') can be constructed in time K1,
e P is S-local,
e one-step deductibility in P is decidable in time Ko,
then provability in the proof system P is decidable in time max(KCq, ko).

Proof: Let n be the sum of the size of the set Ty of hypotheses and of the size of the term

w for which we want to check whether 7'+ w holds. The number of iterations of the loop is

bounded by the number of instances of the conclusions of the rules of the proof system by terms

in S(Tp U {w}). Hence, by hypothesis, the number of iterations of the loop is bounded by K1 (n).

As a consequence, execution of the algorithm takes time at most K1 (n) * K2(n). By S-locality of

the proof system, existence of a proof is equivalent to existence of a local proof. O
This theorem generalizes McAllester’s result because in his case:

e The size of the set of syntactic subterms of the set T" is polynomial in the size of T
e One-step deducibility is decidable in polynomial time for a finite proof system.

Hence, in McAllester’s case, it remained only the (S-)locality to show. In our more general setting
we have to do the following steps in order to obtain a decidability result, for instance in polynomial
time, for the Dolev-Yao deduction system modulo a AC-rewrite system:

e define the notion of subterms which can be computed in polynomial time ,
e show locality with respect to this notion of subterms,

e show that one-step deductibility can be tested in polynomial time.

4.2 One-Step Deducibility for AC-like Theories

Definition 7 (Headed with @) Let u be a term in normal form, u is headed with @ if u is of
the form u; & ... P u, with n > 1. Otherwise u is not headed with &.

Example 2 u @ (v, w) is headed with ®, but (u,v ® w) is not.
Definition 8 (Atom) Let u be a term, we define the function atoms(u) as following :

o Ifu=u®...®uy,, where each of the u; is not headed with &, then atoms(u) = {u1, ..., un}.
The u;’s are called the atoms of u.

o Ifu is not headed with & then atoms(u) = u.
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The definition of atoms(7") generalizes in a natural way to sets of terms T in normal form by
atoms(T) := (J,cp atoms(t).

Definition 9 (Idempotent Mapping over Sets of Terms) LetT be a set of terms. The map-
ping S : T — T is idempotent if for every X CT : S(S(X)) = S(X).

Definition 10 (Monotone Mapping over Set of Terms) Let T be a set of terms. The map-
ping S : T — T is monotone if for all X, Y CT : if X CY then S(X) CSY) .

Lemma 1 The function atoms is monotone and idempotent.
Proof: Straightforward from the definition. o

Definition 11 (Binary Proof) A proof P of T + w is binary if in all nodes labeled T - v the
term v has at most two atoms.

If the equational theory is AC and if we consider binary proofs only, then one-step deducibility
is in PTIME.

We now investigate the complexity of one-step deducibility for the three equational theories
defined in Sections 3.3 to 3.5.

Our method is inspired by the method used in [Nar96] to solve a unification problem modulo
AC-like theories. We only show how to decide one-step deducibility for the family of rules (GX),
since checking one-step deducibility for the remaining deduction rules is straightforward. We
transform the problem of testing one-step deducibility into the solvability of a system of linear
Diophantine equations. The domain over which this system of equations is solved depends on the
equational theory considered, as discussed below.

e Input :

— a finite set of terms T = {tg,...,tn}

— a term s
e Output

— A system D(T), s) of linear Diophantine equations over the variables X = {zo,...,z,}
such that T g s if only if D(T), s) is solvable in a domain which depends on E.

e Algorithm

— To each t; we associate the variable z; for ¢ =0,...,n.
— If u is an atom of ¢, let §(u,t) denote the number of occurrences of the atom w in ¢.
— Let A= {ai,...,an} be the set of atoms of T'U {s}.

— For each a; atom of s, we introduce the equation:
n
d(a;, s) = Z5(ai,tj) * L)
j=0

which states that the number of occurrences of a; in s is equal to the sum of the number
of occurrences of a; in (a sum of) ¢;’s. The system D(T, s) is the conjunction of these
equations:

D(T,s) := /\ Z(F(ai7tj) * x5 = 0(ai, s)

i=1 ;=0

Example 3 Let T = {a1 ® as ® a3, a1 B ag, a2 & aq} and s = a3 & az, where all the a; are not
headed with ®. We introduce numerical variables xq,x1, 2, that is one numerical variable for each
element of T :
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xo for a1 @asdas
r1  for a1 ®ay
To  for as P ay

For every atom a; we create an equation. This yields the following equation system:

ay £C0+£81:].
as : Tot+x2=1
a3 : x0=20

ag : x1+x20=0

Lemma 2 Let S be the following system of equations:

cL1T1+ ...+ cipy, = di

Cma1T1+ ... F Ty = dn
ws=d1 * A1 D...Dd, *x A,
Y={A,..., An}, Ts ={t1,.. ., tm}

Where Vi,1 <i<n,t; =c1;*A1 B ... B cm,; x Ay V1,1 <7 <m, A; are atoms of Ts.
The system of equations (S) is satisfiable if and only if Ts b wg using only (A) and (GX).

Proof:
e If (S) is satisfiable then there exists a solution of (S) « such that:

ciio(zr) +...+ana(z,) = d

emac(zr) + ...+ empal(z,) = dn

Hence, we compute wg from Tg and a:

a(@)*t1 @ ... ®a(z,) xty
- a(xl)*(cl’l*Al®"'@cmvl*Am)@"'@a(xn)*(Cl,n*Al@-~~@Cm,n*Am)

= ca*xa@)* A @ D ka(xn)* A B D ema *a(x1) x Ay B D Ok (T) % Ay,

= ws

e Let P be a proof of Ts F wg, using only (A)(GX). We construct the system (S) from Tg
and wg.

Ts={t1,...,tm}, X ={A1,..., A} = atoms(Ts)
wS:dl*Al@@dmAm
Vi,lSign,ﬂcj,ilSjSm,ti:cl,i*Alea...@cm,i*Am

We can deduce wg from T, there exist a decomposition of d; into ¢; j, hence we obtain the
following system:
C1,171 4+ ...+ Cl,nTn = d1

CmaT1+ ... F Ty = dn
O

We now explain in which domain this linear Diophantine equation system is solved according
to the equational theory that is considered.
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ACh Case

We obtain a system of linear Diophantine equations over N. This system has a solution iff s
is deducible from 7' in one step. Since solvability of a system of linear equations over N is a
NP-complete problem [Pap94] we get an algorithm in NP for checking one-step deducibility.

ACUN Case

In this case we solve a system of linear Diophantine equations over Z/2Z. This system has a
solution iff s is deducible from T in one step. Since the former problem is in PTIME [KKS87|, we
get a PTIME algorithm for checking one-step deducibility.

AGh Case

Now we consider the case where @ is the operator of Abelian groups. We can assume w.l.o0.g. that
no term headed with @ contains an atom and its inverse because we are only working on terms in
normal form. Now we redefine the function §:

e if u is an atom of ¢ which is not headed with I then we note d(u,t) for the number of
occurrences of the atom w in ¢,

e otherwise if I(u) is an atom of ¢ then we note d(u,t) for the inverse of the number of
occurrences of I(u) in .

We get a system of linear Diophantine equations to solve over Z. This system has a solution iff
s is deducible from T in one step. Since the solvability of a system of linear Diophantine equations
over Z is in PTIME [Sch86|, we get a PTIME algorithm for checking one-step deducibility.

We denote by nxa:=a®a®... P an times.

Example 4 Let T ={a1 ®as ® I(a3) ® I(a3),a1 P aq,a2 ® [(asg)} and s = a1 @ aa, where all the
a; are not headed with ®. To each element of T we associate one numerical variable:

xo  for a1 ®ax®I(as) ® I(as)
1 for a1 Day
xo  for as® I(ay)

For every atom a; we create an equation, yielding the following equation system:

ay £L'0+.’E1:].
as : Tot+x2=1
az : —2x9=0

ag : 1 —x2=0
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Chapter 5

Locality for AC-Like Equational
Theories with Homomorphism

In the first part of this chapter we list all the definitions and properties we need to decide the
intruder deduction problem modulo AC-like equational theories. Then we show, for our three
equational theories introduced in Chapter 3, that we can define an operator S which in some cases
is polynomial-size, and for which we can show locality.

5.1 Preliminary Definitions and Properties

5.1.1 Vocabulary

We define some notions.

Definition 12 (Headed with f) A term u in normal form is called headed with f if u is of
the form uw = f(t) for some term t. Otherwise u is not headed with f.

We need to know the number of applications of f applied at the head of a term.
Definition 13 (#/(t)) We define the number of applications of f at the head of a term t by:

o ift is not headed with f then #(t) = 0

o otherwise t = f(t') and #(t) = #¢(t') +1

Example 5 Lett = f'3(a)® f5((b, f°(c))) be a term in normal form then #¢(t) = 0. If we have
t = f5((b, f1°(c))) then we get #(t) = 5.

Definition 14 (Strip;) Lett be a term. We define Strip;(t) by:
e if t is not headed with f then Strip;(t) =t
e otherwise t = f(t') and Strip;(t) = Strip;(t')

Definition 15 (Size of a Term) Let be t a term in normal form, we define recursively the size
[t| of t by:

o |t| =1 ift is a constant.
o [t ={u,v)] =1+ Jul+[v]

o [t| = {utol =1+ [uf + [v|
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o [t|=lur®...®un| =143, [t

o [tl=1[f(tr,. - ta)l =1+ 20, [t

We extend this notion to the size of a set of terms by |T'| = >, [t].
Example 6 |f({a,{b}r))| =06

5.1.2 Different Kinds of Proofs

Now we want to characterize different kinds of proofs.

Definition 16 (Subproof) Let P be a proof of T+ u. A proof P’ is a subproof of P if P’ is a
sub-tree of the tree P.

Definition 17 (Size of a Proof) The size of a proof P is the number of nodes in P, denoted
by |P|.

Definition 18 (Minimal Proof) A proof P of T F w is minimal if there is no proof P’ of T + u
such that |P'| < |P|.

Definition 19 (Simple Proof) A simple proof is a proof where each node T & v occurs at most
once on each branch.

Property 2 (P Minimal = P Simple) If P is a minimal proof of T - u then P is a simple
proof of T + u.

Proof: Let us assume to the contrary that P is a non-simple proof of T w. Then there is a
branch of P in which T F v occurs twice. We can cut the derivation between these two occurrences
and so get a smaller proof P/, which is in contradiction to the minimality of P. O

Definition 20 (Flat Proof) Let P be a proof of T + w, P is a flat proof if there is no (GX)
rule immediately above another (GX) rule.

Since two successive (GX) rules can be merged into a single (GX) rule a minimal proof is a
flat proof.

Definition 21 (@-lazy Proof) Let P be a proof of T - w, P is a ®-lazy proof if P is flat and
there is no (GX) rule immediately above an (F) rule in P.

Definition 22 (®-eager Proof) Let P be a proof of T F+ w, P is a ®-eager proof if P is flat
and if there is at most one (F) rule immediately above a (GX) rule in P.

Intuitively, in a @-lazy proof the (GX) rule is applied as late as possible, and in a $-eager
proof the (GX) rule is applied as early as possible.

Example 7 (A simple proof which is not minimal) Consider the equational theory of ex-
clusive or with homomorphism. The following ®-eager proof with T = {u, v, k} is simple:

u€eT veT
(4) (4)
Fu THwv
GX
(6%) THudv fw)er

(F)

TEfludv)=f(u)® f(v)
(GX)

T f(u)
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We transform it into a ®-lazy simple proof

ueT veT
4) —— () ———
Tru TkHv flw)eT
F) —— (F) — (A —
TH f(u) Tk f(v) Tk f(v)
(GX)
Tk f(u)

However, these proofs are not minimal since there is a smaller proof:

ueT
(4) ——
TFu
F) ———
TF f(u)

Example 8 (An @©-eager Proof and a ®-lazy Proof) The following proof of f(b)& f(c) with
T={a®bddc, f(d)® f(a)} is minimal and ®-eager but it is not H-lazy.

adbeT c®deT

A) — (A —

THa®b THcdd

(GX)
THa®b®cdd fla)® f(d) €T
(F) A —
Tk f(a)® f(b) ® f(c) ® f(d) Tk f(a)® f(d)
(GX)
TEf)e f(o)

We can also construct a ®-lazy proof of T F f(b) ® f(c):

adbeT chdeT
Y rreer Y Trieed
a ¢ a d)eT
T+ fla) ® f(b) T+ f(c)o f(d) T+ f(a) ® f(d)
(GX)
T+ f(b)& f(e)

5.1.3 Different Kinds of Subterm

We now list the different definitions of subterms that we will use to prove a locality theorem in
each case.

Definitions of Subterm

Syntactic subterms are defined as usual:

Definition 23 (S(¢)) Define the set of syntactic subterms of a term t as the smallest set S(t)
such that:
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o tcS(t)
o if (u,v) € S(t) then u,v € S(t)
o if {u}r € S(t) then u,k € S(t)
o ifu=u1 ®...Bu, € S(t) then atoms(u) C S(t).
o if f(u) € S(t) then u € S(t)
The definition of S is extended to a set T" of terms in normal form by setting S(T') := U, S(1).

Example 9 Let T = {{a® f(c),{d}x), f(a)® f(b) ® f%(c)} be a set of terms, we compute S(T) =
TUfa® f(c), {d}x, a, f(c),c.dk, f(a), £(b),b, f*(c)}.

Let T be a set of terms, we denote #(T") the number of terms in the set 7.
Property 3 Let T be a set of terms then #(S(T)) < |T.

Proof: It is enough to show it on a term ¢ since

#(S(T) =#(J S@®) <D #(S@®) <D |t =17

teT teT teT
By induction on the size of the term t:
e The base case: t is a constant #(S(¢)) =1 = [t].
We analyze all possible cases to construct S(T'U {u}) according the definition:
o #(S((u,0))) <1+ #(S(w)) + #(S(v)) < 1+ |ul + Jv] = [(u, )|
o #(S({u}s)) < 1+ #(SW) + #(S(@)) < 1+ lu| + o] = [{u}|
o #(S(flur,. - upn)) < TH#(S(ur)) +. . +#(S(un)) < 1+ |ug| 4+ |un| = | f(ur, .. un)]
o #(S(ur®...0up)) < 1+#(S(u1)) +...+#(S(un)) < L+ |ur] +. o4 |un| = [ur @ ... By
O
Property 4 atoms(M) C S(M) for any set of terms M C Tx,.

Proof: Obvious from the definition. O

In the definition of S(t) we do not take care of the homomorphism rule. Because we work only
on normal forms the notion of a syntactic subterm ignores the fact that the term f(a)® f(b)® f(c)
is equal to f(a®bDc), and that a®b® ¢ should be considered to be a subterm of f(a)® f(b)® f(c).
This is accounted for in the next definition.

Definition 24 (Sr(t)) For any term t, the set St(t) is the smallest set such that:
o S(t) C Sp(t)
o Ifn>1and f(u1)®...® f(u,) € Sp(t) then uy @ ... D uy, € Sr(t).

By definition S(T") C Sp(T'). The definition is extended to a set T of terms in normal form by
setting St (T) := U, ST (1)

Example 10 Let T be as in Example 9. Then
Sr(T)=S(T)U{a®bd f(c)}

Property 5 atoms(St(M)) C Sp(M) for any set of terms M C T,.
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Proof: Obvious from Property 4 and the definition of Srp. a

Definition 25 (Sg(T) ) Define Sg as all the combinations of terms of Sp(T') by the symbol &:

S (T) := { PsiMc ST(T)}

seM

Property 6 For all sets M C T(X) we have that

S (T) = { PDs|Mc atoms(ST(T))}

seM
Proof: For all sets M C T(X) we have that:

e According to Property 5 we have atoms(Sp(M)) C Sp(St(M)) with the idempotence of St
we conclude that
{ Ps|Mc atoms(sT(T))} C So(T)

seM

e By definition of atoms and Sr, we have that every element of Sp(T) is a sum of some
elements of atoms(S7(M)). Hence, we conclude that

So(T) C { Psimc atoms(ST(T))}

seM

Note that the size of Sg is exponential in the size of T' and that Sp(T") C Sg(T)
Example 11 Let T = {{a,b)}. Then we get:
S7(T) = {{a,b),a,b}
Se(T) = Sr(T)U{a®b, b (a,b),a® {a,b)}

Definition 26 (Sf(t, hmas)) Let t be a term, and let hyq, be an upper bound on the number of
successive applications of f, to be computed later. We define Sy as:

hmax

Sf(tvhma:r) = U fi<ST(t))
=0

The definition of S¢(T, hmaz) is extended to a set of terms T in normal form by setting

Sf(T, honaz) == UteT Sf(t, Pomaz)-
We remark that if h,,q, is polynomial in the size of T then the size of the set Sy(T, hpmaz) is
polynomial in the size of T

Example 12 Let T = {a,b} be a set of terms and w = f3(a) @ f(b). We assume just for the
example that hpmas = 2. We compute the set Sp(T'U{w}, hinaz). It is the union of:

o ST(TU{w}) ={a,b, f*(a) & f(b), f*(a), f*(a), f(a), (D), f*(a) & b}
o fUST(TU{u})) = {f(a), f(b), f1(a) & F2(b), f'(a), f*(a), f*(a), F2(b), f*(a) & F(b)}
o fA(ST(TU{u})) = {f*(a), F2(b), f°(a) & f2(b), f*(a), F*(a), f*(a), F2(b), f*(a) & F2(b)}
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Properties of Subterm

Lemma 3 (Idempotence of Subterms) The mappings S, St, Sy and Sg are idempotent.

Proof: This is a consequence of the fact that S(T") and Sp(T") are defined to be the smallest
extensions of T satisfying certain closure properties in Definition 24 and 25. We obtain immediately
the idempotence of S and Sg according to these definitions. |

Lemma 4 (Monotonicity of Subterms) The mappings S, St and Sg are monotone.
Proof: Straightforward from the definitions of S(T), S7(T') and Sg(T). O

Lemma 5 (Union of Subterms) Let A and B be two sets of terms, the mappings S, St and
Sg have the property:

e S(AUB) = S(A)US(B)
] ST(A U B) = ST(A) U ST(B)
e Sa(AUB) = S5¢(A)USg(B)

Proof: Obvious from the way how the definitions of S(T"), Sp(T') and Sg(T") are extended to
sets. O

Definition 27 (Transitive Mapping over Sets of Terms) Let T be a set of terms. The map-
ping S : T — T is transitive if for all X, Y, Z CT, X CS(Y) andY C S(Z) implies X C S(Z).

Property 7 (Idempotence and Monotonicity = Transitivity) Let be S a mapping from
sets of terms to sets of term. If the mapping S is idempotent and monotone then it is transi-
tive.

Proof: Let be S a idempotent mapping from a set of terms to a set of term. Let XY, Z
and T be sets of terms. If X C S(Y) and Y C S(Z) by monotonicity and idempotence we get
S(Y)C S(S(Z)=5(Z), hence X C S(2). a

Corollary 6 (Transitivity of Subterms) The mappings S, St and Sg are transitive.

Proof: By Lemma 3 and Lemma 10, and by Proposition 7. O

5.1.4 Properties and Lemmata
Proof Transformations

In this section we show that it is always possible to transform a proof into a ®-lazy proof or an
@®-eager proof.

e We can always flatten successive applications of (GX) rules into a single one, as shown in
Figure 5.1.

e We can always switch a rule (GX) with a rule (F) if (GX) is immediately above (F), as
shown in Figure 5.2.

e The reverse operation is possible only if all immediate predecessors in the proof tree are
labeled with (F), as shown in Figure 5.3.

Lemma 7 If there is a proof of T + w then there is also a ®-lazy proof and a H-eager proof of
THw

Proof:
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THzy..TFx,

(GX)
Tz ®...®z, TrFa TEF ym
(GX)
TF21® .., PyY1 D ... D Ym
!
T2y ... TFxy, Ty ... TkFyy
(GX)
THF210 ..., PyY1 D ... D Ym
Figure 5.1: Transformation of (GX)-(GX) into (GX)
THzy...TFx, TFxz Tk z,
(GX) (F) o (F) ——
Tz ®...0z, = TF f(x1) TFE f(x,)
() (GX)
THf(x1)®...0 fla,) THf(x1)®...0 flan)
Figure 5.2: Transformation of (GX)-(F) into (F)-(GX)
TkFx TkFz, TEay TEym
(F) e (F) ——— (&) o (Gm)
TF f(z) TF f(zn) T2z Tk zm
(GX)
ka(xl)@@f(fn)@zl@@Zm
U
Thrxy...THax,
(GX)
TrFz1®...0m, TEy TE ym
(F) (Gh) o (G
THf(x1)®...8 f(zn) TH 2z Tk 2z,
(GX)

THfz)®...0f(xn) S @ ... 2m

Figure 5.3: Transformation of (F)-(GX) into (GX)-(F) where rules (G;) are all different from (F)
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e To obtain a ®-lazy proof we apply the proof transformation rules given in Figures 5.2 and 5.1.

e To obtain an @-eager proof we apply the proof transformation rules given in Figures 5.3
and 5.1.

O

Definition 28 (Minimal-®-lazy Proof) P is a minimal-®-lazy proof of T F w if only if P is
a ©-lazy proof of T F w which is minimal among all ®-lazy proofs.

If there is a proof of T'F w then there is also a minimal-@-lazy proof and a G-eager proof of
TFHw.

Lemma 8 Let P be a &-lazy simple proof of T + w. If all terms in T U {w} have at most two
atoms then the proof P is binary ®-lazy and simple.

Proof: By Corollary 20, in a @-lazy proof all nodes are in Sy (T, w) except those produced by
the rule (F) and which lead by a sequence of (F) rules to (GX). These nodes are binary, too, since
application of (F) preserves the number of atoms of a term. Hence, the proof P is binary ®-lazy
and simple. O

A Lemma about Destruction Rules

Lemma 10 and Lemma 9 are two extensions of a lemma shown in [CLS03] for the ACUN the-
ory. We show that these lemmata hold in the case of Abelian groups with homomorphism, the
demonstration can easily be adapted to the case of AC and ACUN plus homomorphism.

Lemma 9 Let P’ be a simple proof of the form:
P/...P,

P = -
THw

1. If T+ w does not occur in any of Py,..., P, and (u,v) | € S(w) then there is at least one P/
and there exists w' such that (u,v) | € S(w’) and either the root of P! is T Fw' or w' € T.

2. If T+ w does not occur in any of Py,..., P, and {u}, | € S(w) then there is at least one P}
and there exists w' such that {u}, | € S(w') and either the root of P is T+ w' orw' €T.

Proof: We only give the proof for the first case (pairing), the second case is similar. We consider
all possible rules for the root of P’:

e The last rule is (A) it is obvious.

e The last rule is (UL) or (UR): (u,v) | € S(w) by hypothesis, and by construction w €
S((u1,u2)). We deduce by transitivity of the subterm relation that (u,v) | € S({uy,us)).

e The last rule is (D): as in the above case but with {u}, instead of (u,v).
e The last rule is (F): (u,v) is a subterm of w = f(wy) |, it hence is a subterm of w;.

e The last rule is (GX): (u,v) is a subterm of (u; @ ... ® u,) |, it is hence a subterm of one of
some u;, because (u,v) is not headed with @.

e The last rule is (P): since T'F u can not be in P then w = (wy, ws) # (u,v). But (u,v) is a
subterm of w so it is a subterm of w; or of wo.

e The last rule is (C): since T F u can not be in P then w = {wy }y, # {u},. But (u,v) is a
subterm of w so it is a subterm of w; or of ws. O
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TH(uv)|=r TH{(uv)|=r TH{u},|=r Trv]
L) —— (UR) ——— (D)
ThHu ThHwv ThHu

Figure 5.4: Destruction Rules.

Lemma 10 Let P be a simple proof of one of the forms described in Figure 5.4.
Then (u,v) | € S(T) (resp. {u}, | € S(T)).

Proof: Assume that the last rule is (UL), the case (UR) is similar.
P ...P,
P= TH(uv)yl=r
TkFu

P is minimal so T+ u does not occur in any of Pj,..., P,. Hence, we can apply the Lemma 9.
The result follows by induction from Lemma 9.

Assume that the last rule is (D):
P...P,

P= T+ {U}v m
(D)

THu

P is minimal so T+ u does not occur in any of Py,..., P,. Hence, we can apply the Lemma 9.
The result follows again by induction from Lemma 9. m]

5.2 Locality for the Equational Theory ACh

5.2.1 Observations and Technical Lemmata for the Theory ACh
We remark that:

o If t € Sp(u) \ u then t € Sp(atoms(u))
o Vu, Sr(atoms(u)) C Sr(u)

The following property holds in the equational theory ACh: Vu,v,atoms(u) C atoms(u & v)
since in this case no term is deleted by the application of @. This property is used to state:

Lemma 11 Let u,v and t be terms in normal form. If t € Sy(u) \ u then t € Sr(u®v).

Proof: Let u,v and ¢ be terms in normal form, if ¢ € Sr(u) \ v then t € Sy(atoms(u)). By
monotonicity of St and the previous observation Vu, St(atoms(u)) C Sr(u @ v) we obtain that
t € Sr(udv). a

Lemma 12 In case of the equational theory ACh we have for all terms t,u,v in normal form: if

o t# u ort is not headed with &
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e andt € Sr(u)

then t € Sp(u @ v).

Note that this lemma is no longer true in case of the equational theories ACUNh or AGh.
Proof: We consider two cases:

o If ¢t # u then ¢t € Sr(u) \ u. By Lemma 12 we conclude that ¢t € St(u @ v).
e If ¢t = u then ¢ is not headed with @. Hence ¢t € Sy(u) \ u. By Lemma 12 we conclude that
t € Sr(udv). a
5.2.2 Lemmata and Locality

Lemma 13 Let P be a ®-lazy simple proof of T = w and let P’ be a subproof of P with root label
T+ N. If the last rule applied in P' is (GX) then N € Sp(w) U Sp(T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = . P, =
P = TFR, TFR,

THw

Assume that all immediate subproofs P; of P with root label T' - R; satisfy the property i.e. if
there is the rule (GX) in P; then the node resulting from this rule application is labeled by T + N;
where N; € ST(RZ) U ST(T)

By induction hypothesis, any immediate subproof P; of P with root label T'F R; satisfies the
property i.e. if there is the rule (GX) in P; then the node resulting from this rule application is
labeled by T'+ N; with N; € Sp(R;) U Sp(T).

We proceed by case analysis on the last rule applied in P:

1. (P), (C), (F): In this case any application of rule (GX) occurs in some subproof P;. For any
of these rules, St(R;) C St(w) for all 4. The result follows from the induction hypothesis.

2. (UL) (UR) or (D): In this case any application of rule (GX) occurs in some subproof P;. By
Lemma 10 we have that Sp(R;) C Sr(T) for all i. The result follows from the induction
hypothesis.

3. (GX): Let Py be a subproof of P which has T'+ N as label of the root and which terminates
with an application of the rule (GX).

(a) If Py is P itself then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py is a subproof of some P;.
By induction hypothesis we have that N € Sp(T) U Sr(R;).

If N € Sp(T) we are done, otherwise let P/ be the subproof of P; such that P; is
obtained from P/ by a sequence (possibly empty) of applications of (F) and such that
the last rule applied in P/ is not (F).

Let T+ R} be the label of the root of P/.
By induction, it is enough to show that R; € Sp(T'U {w}).

By definition of P/, the last rule application in P/ cannot be (F), and since the proof
P is @-lazy it cannot be (GX) neither.

There are two possible cases: R} is headed with @ or not.
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i. If R} is headed with @: the last rule application in P/ cannot be (P) or (C), and
it cannot be (GX) nor (F) as seen above. Hence, the last rule application of P/ is
one of (A), (D), (UL) or (UR).

By Lemma 10, we get R, € Sr(T).

ii. If R, is not headed with @ then R; is not headed by @ neither. By Lemma 12, we

get N € Sp(T U{w}). O

Lemma 14 Let P be a ®-lazy simple proof of T = w and let P’ be a subproof of P with Toot label
T+ N. If the last rule applied in P’ is (P) or (C), then N € Sr(w) U St (T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = . P, =
P = TR, TFR,

THw

Assume that all immediate subproofs P; of P satisfy the property. By definition, if 7'+ R; is
the label of the root of P; and if T+ N; is the label of a node of P; obtained by the application
of the rule (P) or (C), we have N; € Sp(R;) U St(T).

We proceed by case analysis on the last rule applied in the proof P:

1. (P), (C): Let Py be a subproof of P which terminates with an application of the rule (P) or
(C) and let T+ N be the label of the root of Py .

(a) If Py is P then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py is a subproof of some P;.
By induction hypothesis we have that N € Sp(T) U Sr(R;) C St(T) U St(w).

2. (F): In this case any application of the rule (P) or (C) occurs in some subproof P;.
By definition of (F) and St, we have Sp(R;) C St(u) for all 4.
Then the result follows from the induction hypothesis.
3. (UL) (UR) or (D): In this case any application of rule (P) or (C) occurs in some subproof
P;.
By Lemma 10 we have that St(R;) C Sr(T) for all i.

Then the result follows from the induction hypothesis.

4. (GX): In this case any application of rule (P) or (C) occurs in a subproof P;.
By induction hypothesis we have that N € Sp(T)U C St(R;).
Since N is not headed with @, the result follows from Lemma 12. O

Lemma 15 Let P be a ®-lazy simple proof of T + w and let P’ a subproof of P with root label
T+ N. If the last rule applied in P' is (F) then N € Sp(w)U Sy (T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = . P, =
P = TFR, TFR,

THw
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Assume that all immediate subproofs P; of P with root label T' F R; satisfy the property, i.e.
if T+ N; is the label of a node of P; resulting from the application of the rule (F), then N; €
St(R;) U St(T).
We proceed by case analysis on the last rule applied in P:
1. (P), (C): In this case any application of rule (F) occurs in some subproof P;.
For these rules St (R;) C St(u) for all 4.
Then the result holds by induction hypothesis.

2. (F): Let Py be a subproof Py of P which terminates with an application of the rule (F) and
let T = N the label of Py.

(a) If Py is P then N = w and the claim holds.

(b) If Py is a proper subproof of P then Py is a subproof of some P;.
By induction hypothesis we have that N € Sp(T) U Sr(R;) C S7(T) U St(w).

3. (UL) (UR) or (D): In this case any application of rule (F) occurs in one subproof P;.
By Lemma 10 we have that Sr(R;) C Sr(T) for all i, and the result holds by induction
hypothesis.

4. (GX): In this case any application of rule (F) occurs in one subproofP;, hence we have that
N € Sp(T) U Sr(R;) by induction hypothesis.

If N € Sp(T) we are done, otherwise let P/ be the subproof of P; such that P/ does not
terminate on (F), and P; is obtained from P/ by a sequence of applications of (F).

Let T+ R} be the label of the root of P;.
We show that R, € Sp(T U {w}), which yields the result by induction hypothesis.

By definition the last rule application of P/ cannot be (F), and since the proof P is ®-lazy
it also cannot be (GX) neither.

There are two possible cases: R) are headed with @ or not.

(a) If R} is headed with @®: the last rule application in P/ cannot be (P) or (C), and it
cannot be (GX) or (F) as seen above.

Therefore the last rule application of P/ is (A), (D), (UL) or (UR).
By Lemma 10 we get R} € Sp(T).

(b) If R} not headed with @ then then R; is not headed by @ either, and we conclude by
Lemma 12 that N € Sp(T U {w}). O

Theorem 3 (Locality) The proof system for b in the case of the equational theory ACh is St-
local.

Proof: If there is a proof of T'F w then, by Lemma 7 there also is a @-lazy and simple proof of
T F w. By Lemmata 10, 13, 14 and 15 this proof is Sp-local. a

Lemma 16 Let T € T'(X) and w € T(X) be terms such that atoms(T,w) are constants. If P is a
proof of T F w then there exist a minimal proof of T - w using only the rules (A) and (GX).

Proof: Let P be a minimal-®-lazy proof of T F w. O
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5.3 Locality for the Equational Theory ACUNh

5.3.1 Properties of ©-lazy Proofs in the ACUNh Case

Lemma 17 Let P be a minimal-®-lazy proof of T & w and let P’ be a subproof of P with root
label T = N. If the last rule application is (GX) then N € St(w) U Sp(T).

Note that, in contrast to the analogous lemma in the case ACh (Lemma 13), we now assume
a minimal-®-lazy proof instead of merely assuming a simple-®-lazy proof.

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = . P, =
P = TFR, TFR,

THw

Assume that all immediate subproofs P; of P with root label T'F R; verify the property i.e.
if the rule (GX) occurs in P; and if T F N; is the label of the node resulting from this rule
application, then N; € Sp(R;) U Sp(T).

We proceed by case analysis on the last rule applied in the proof P:

1. (P), (C), (F): In this case any application of rule (GX) occurs in a subproof P;. For these
rules St(R;) C S (w) for all i.

Then the result follows from the induction hypothesis.

2. (UL) (UR) or (D): In this case any application of rule (GX) occurs in a subproof F;.
By Lemma 10 we have that Sp(R;) C St(T) for all s.

Then the result follows from the induction hypothesis.

3. (GX): Consider a subproof Py of P which terminates with an application of the rule (GX)
and whose root is labeled by T'F N.

(a) If Py is P itself then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py is a subproof of one of the P;.
By induction hypothesis we have that N € Sp(T) U St(R;).
If N € Sp(T) we are done, otherwise let P/ be the subproof of P; such that P/ does not
terminate on (F), and P; is obtained from P} by a sequence of n applications of (F),
illustrated in Figure 5.5.
Let Tt R} be the label of the root of P;.
It is enough to show that R, € Sp(T U {w}) since the result will follow by induction
hypothesis.
By definition of P/, the last rule application in P/ is not (F), and since the proof P is
@-lazy it also cannot be (GX) neither.

There are two possible cases: R} is headed with @ or not. Note that R is headed with
@ iff R; is headed with &.

i. If R} is headed with @: the last rule application in P/ cannot be (P) or (C), and it

cannot be (GX) or (F) as seen above.
Hence, the last rule application of P/ is one of (A), (D), (UL) or (UR).
By Lemma 10, we get R; € Sr(T).
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(#FGX) —— (#FGX) ———
T+R, THR;=R;® A

) — (F)

® ®
TR =f"(R) TRy =R o A
(GX)

THFR®..9R,=w

Figure 5.5: Hlustration of the decomposition used in the proofs of Lemmata 17 and 18.

ii. If R} is not headed with @: Either R; € Sr(w) and we are done, or R; ¢ Sr(w)
and R; is canceled out by another term in the (GX) rule.
Since the proof P is minimal, R; must be canceled out by some term R; which
is headed with @& and which is obtained by a subproof P;: otherwise the same
term would appear twice in the sum, and a smaller proof could be obtained just
by omitting these two terms, which contradicts the minimality of P.
Therefore we can write R; = R; & A;.
Since P is a @-lazy proof and since the last rule of P/ cannot be (GX) or (F) by
definition, Lemma 10 yields the result if the last rule of P/ is one of (UL), (UR),
(D) or (A).
The remaining case is when this rule is (P) or (C).
In this case we observe that R} is not headed by f and that #;(R;) = n.
We now go up from R; = R; @ A; as long as possible along a sequence of (F) rules:
let P/ be the subproof of P; such that P/ does not terminate on (F), and such that
Pj is obtained from P; by a sequence of m applications of (F).
Since R; € atoms(R;), we have m < #,(R;) < #;(R;) = n.
Let R} & A} be the label of the root of P].
Since P is a @©-lazy proof, the last rule of P; cannot be (GX) or (F) by construction.
It also cannot be (P) nor (C) because R/ @ A is headed with .
Hence, the last rule of P/ must be one of (A), (UR), (UL), (D). We have that
St(R! @ A;) C Sr(T) by Lemma 10.
It follows that R, € Sp(R & AY) C Sp(T') because m < n, and we conclude by
applying the induction hypothesis. O

Lemma 18 Let P be a minimal-®-lazy proof of T & w and let P’ be a subproof of P with root
label T & N. If the last rule applied in P’ is (P) or (C), then N € Sy(w) U St (T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P, = ' ... P =
P = TF R, TFR,

THw

Assume that all immediate subproofs P; of P with root label T' - R; verify the property i.e. if
there is the rule (P) or (C) in P; then the node resulting from this rule application and labeled by
T+ N; satisfies that N; € Sp(R;) U S¢(T).

We proceed by case analysis on the last rule applied in the proof P:

1. (P), (C): Let Py be a subproof of P which terminates with an application of the rule (P) or
(C) and let T+ N be the label of the root of Py .
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(a) If Py is P then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py is a subproof of one of the P;.
By induction hypothesis we have that N € Sp(T') U Sp(R;) C ST(T) U Sr(w).

2. (F): In this case any application of rule (P) or (C) occurs in some subproof P;.

Since St (R;) C St(u) for all 4 for this rule, the result follows from the induction hypothesis.

3. (UL), (UR) or (D): In this case any application of rule (P) or (C) occurs in some subproof

By Lemma 10, S7(R;) C St(T) for all 4, and the result follows from the induction hypothesis.

4. (GX): In this case any application of rule (P) or (C) occurs in some subproof P;.
By induction hypothesis we have that N € Sp(T) U St(R;).

If N € Sp(T) we are done, otherwise let P/ be the subproof of P; such that P; does not
terminate on (F), and P; is obtained from P/ by a sequence of n applications of (F), as
illustrated in Figure 5.5.

Let T+ R} be the label of the root of P;.

It is enough to show that R, € St (T U {w}) since the result will follow from the induction
hypothesis.

By definition the last rule application of P/ cannot be (F) and it and cannot be (GX) since
the proof P is ®-lazy.

There are two possible cases: R is headed with @ or not. Note that R; is headed with & iff
R; is headed with ®.

(a) If R} is headed with @: the last rule application in P; cannot be (P) or (C), and it
cannot be (GX) or (F) as seen above. Hence, the last rule application of P/ must be
one of (A), (D), (UL) or (UR).

By Lemma 10 we get R} € Sp(T) .

(b) If R, is not headed with @: Either R, € Sp(w) and we are done, or R; ¢ Sy(w) and

R; is canceled out by another term in the (GX) rule.

Since P is minimal, R; must be canceled out by some term R; which is headed with @&
and which is obtained by a subproof P;: otherwise the same term would appear twice
in the sum, and we could obtain a smaller proof just by omitting these two terms, which
contradicts the minimality of P.

Therefore R; = R; @ A;.

Since P is a @-lazy proof and since the last rule of P/ cannot be (GX) or (F), the result
holds by Lemma 10 if it is one of (UL), (UR), (D) or (A).

The remaining case is when the last rule of P/ is one of the rules (P) or (C)

In this case we observe that R} is not headed by f, and #f(R;) = n.

We now go up from R; = R, ® A; as long as possible along a sequence of (F) rules : let
Pj be the subproof of P; such that P] does not terminate on (F), and such that P; is
obtained from Pj{ by a sequence of m applications of (F).

Since R; € atoms(R;) we have m < #f(R;) < #f(R;) =n.

Let R} @ A} be the label of the root of P.

Since P is a @®-lazy proof and by construction, the last rule of P} cannot be (GX) or
(F). It also cannot be (P) or (C) because R} & A is headed with .

Hence, the last rule of P; must be one of (A), (UR), (UL), (D). By the Lemma 10 we
have that Sr(R; & A;) C Sr(T).

If follows that R} € Sy (R ®A}') C Sp(T) because m < n, and we conclude by applying
the induction hypothesis. ]
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Lemma 19 Let P be a proof which is minimal-®-lazy proofs of T - w, and let P’ be a subproof
of P with root label T b N such that the last rule applied in P’ is (F). If all nodes from the root
of P’ to the root of P are (F), or if the first successor not labeled by (F) of the root of P’ in P is
labeled by a rule different from (GX), then N € Sp(T U {w}).

This lemma states that (F) nodes are harmless as long as they do not produce an hypothesis of a
(GX) rule with a sequence of successive (F) nodes.

Proof: If all nodes from the root of P’ to the root of P are obtained by (F) rules, then we get
N € Sr(w) by induction hypothesis: otherwise let (Z) (different from (GX)) be the label of the
first successor in P of the root of P’ which is not labeled by (F):

e (Z) cannot be (A).
e (Z) cannot be (UL), (UR), (D) since the hypothesis of (Z) is headed by f.

e Therefore (Z) must be (P) or (C), and in this case we conclude by Lemma 18. O

Corollary 20 Let P be a minimal-®-lazy proof of T b w. All nodes of P are labeled by terms in
St(T,w) except the nodes which are constructed by (F) and which lead to a hypothesis of a (GX)
rule by a sequence of (F) rules.

Proof: By Lemmata 17, 18, and 19. O
Since the application of rule (F) to a binary term yields a binary term we obtain immediately:

Corollary 21 If T and w are binary then every minimal-®-lazy proof of T + w is binary.

Proof: According to Lemma 20 all nodes are in S (T, w) except the nodes which are constructed
by (F) and which yield an hypothesis of a (GX) rule by a sequence of (F) rules. If T and w are
binary then the construction of Sp(7T', w) does not generate any term headed with @ which is not
binary. Since (F) cannot create binary terms, every minimal-@®-lazy proof of T+ w is binary. O

Example 13 We present a minimal proof of T F w, where T = {u @ v, f(v)},w = f(u).

uPveT
(A) ——
THu®v flvyeT
(F) (A) —
T flu)® f(v) Tk f(v)
(GX)
T f(u)

We compute ST(TU{w}) = {u,v,udwv, f(u), f(v)}. This proof is not Sr-local since f(u)® f(v) &
ST(T U {w})

As seen in this example, the problem in defining S-locality for a polynomial-size S is to bound
the number of applications of the (F) proof rule when constructing hypotheses to a (GX) rule.

5.3.2 Locality in the Binary Case

In the binary case, that is when all terms in S (T, w) have at most two atoms, we can actually find
an upper bound for the number of applications of (F). The key to this upper bound is a technical
lemma about counter automata which is proved in the appendix.

In the binary case we associate a one-counter automaton to the set Sy (T, w). The states of
the automaton are atoms of Sp (7', w) without top-level f-symbols, and the counter represents the
number of applications of f to a term. We first give an informal explanation of the construction.
The formal definition of the automaton is given below (Definition 29).
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e First Step: For every term t € Sp(T,w):

— If t is headed with & then for each atom a of ¢ the term Stmpf( a) is a state of the
automaton. As we can see in Example 14, the term a &® f2( ) gives raise to two states a
and b. We add oriented transitions between the two states. If the transition starts from
a which stems from f™(a) and goes to state b which stems from f™(b), the transition
has condition ¢ > n and action ¢ := ¢+ m — n. We add the symmetric transition from
b to a.

— If ¢ is not headed with © we create a state Strip;(t) decorated with a prime, and a
transition from this state to itself, without condition and with action ¢ := ¢+ 1.

e Second Step: Merge all states labeled with the same term.

e Third Step: Connect every primed state a’ stemming from some term f™(¢) to its unprimed
equivalent a by a transition oriented from the primed state to the unprimed state with
condition ¢ > n and with action ¢ := c.

e Forth Step: Create a new initial state, and a transition with (vacuous) condition ¢ > 0 and
with action ¢ := ¢ from the initial state to any primed state.

We now give the formal definition of the automaton:

Definition 29 Let T be a set of terms such that every term in T has at most two atoms. The
automaton associated with T', abbreviated Ar, is a one-counter automaton without input defined
as follows:

We partition T = Ty W Ty where T is the set of terms not headed with &, and Ty is the set of
terms headed with ®.

e The set of states Qr of Ar is defined as

Qr = PrURrU{INIT}
Pr = {p'|pe Strips(T1)}
Ry = {r|r € Strip;(T1) U Strip;(atoms(Tz))}

e INIT is the initial state of Arp.

o The set of transitions is:

‘ From ‘ To ‘ Condition ‘ Action
VteTh: INIT (Strip;(t))" | ¢ >0 ci=c
VteT: (Stripg(t))" | (Strips(t)) | ¢>0 ci=c+1
VteT: (Strip;(t))" | Strip;(t) c>H#t) | ci=c
Vt© s €Ty | Strips(t) Strip(s) c>H#5(t) | ci=c—#5(t) +#5(s)

In the definition of the automaton, the primed states in Pr are only intermediate states which do
not correspond to a proof; only the states in Ry correspond to proofs in a sense to be made precise
below. Note that in the last line of the above transition table the statement “t @ s € T5” is to be
understood modulo AC, such that we obtain from a binary clause a back and a forth transition,
as already explained in the informal definition of the automaton.

Example 14 The automaton Ar for T = {a® f?(b),a} is as follows, where I denotes the initial
state:

Lemma 22 Let T be a set of binary terms. For all terms to,t1,...,t, € Strips(atoms(T)) and
all natural numbers cg,cq,...,c, we have that:

Ar = (INIT, 0) — (t(,0) — ... — (ty,co0) — (to,co) — (t1,c1) = ..o — (tn,cn)

iff there are terms sg, S1,...,8n, € T and natural numbers dy,d1, . ..,d, such that:
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c:=c+1 c>0
ci=c+2
c>0 c>0
I c:=c o c:=c a b
c>2
c:=c—2

1. sg is not headed with &, and for 1 <i < n the term s; is headed with & and has exactly two
atoms, that is s; = s} @ s?

2. f%(s0) = f2(to)
SVISi<n s fi(s]) = foor i)
4VLS i S U (s3) = fou(t)

As a consequence, we obtain that
D s L = F(s5) = 1 (1)
i=0

Example 15 We continue Example 14. With this automaton, we have a run
(IN1T,0) — (d’,0) — (d’,1) — (a,1) — (b,3)
In the formalism of Lemma 22 this means

t():a 00:1
tlzb 0123

The claim of Lemma 22 is illustrated by the choice

So = a

S1 = a@fQ(b) do = 1
si = a cg = 1
st = f2(0b)

Lemma 23 Let T be a set of binary terms. For all to, ..., t, € Strips(atoms(T')) and all natural
numbers cg, . .., c, we have that

Ar E (to,c0) — (t1,¢1) = ... — (tn,cn)

iff there are terms s1,...,8y, € T and natural numbers dy, . ..,d, such that:

2

%

1. for 1 <i <mn the term s; is headed with & and has exactly two atoms, that is s; = sl1 D s
2. V1 <i<n: fli(s})=fei1(t;i 1)
3. V1 <i<n: fli(s?) = fei(t;)

As a consequence, we obtain that
D (i) L= 1o (sD) @ fon (52) = 20 (t0) @ F° (tn)
i=1

We can now give the definition of A4, Given T a set of terms and w a term, we define
hmaz = 1'% +1'3 + gmaz Where:
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Figure 5.6: Illustration of Lemma 22
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n = |Asp@w) * Cmas

Cmaz = mazdiff(ST(T,w))
masdifiT) = wax{lds(w) — #7(0)| |[u® v € T}
Imaz = max{#f(t) ‘ te ST(T7w)}

Lemma 24 Let P be a minimal-&-lazy proof of T - w. All nodes of P are in S¢(T,w, hmaz)-

Proof: Let P be a minimal-@-lazy proof of T+ w. First note that, by Corollary 20, all nodes
except those that are obtained by rule (F') and which yield by a sequence of successive applications
of (F) a hypothesis of rule (GX), are labeled by terms in St (T, w) C S¢(T, w, hmaz)-

Let P’ be a maximal subtree of the proof P such that its root is obtained by rule (GX) and
all non-root nodes are obtained by rule (F). Let the root of P’ be labeled with T+ u. Again by
Corollary 20, both u and the labels at all the leaves of P’ are in S (T, w). There are two cases:

1. u is not headed with .

By minimality of the proof P, there is no non-empty subset of the hypotheses to the rule
(GX) at the root of P’ for which their combination by @ yields 0. Hence, the leaves of P’ are
marked with exactly one term s which is not headed with @, and a set of terms s1,...,s,
which are headed with @ and have exactly two atoms. This is illustrated in Figure 5.7(a).

In this case, there are terms sg, s1,...,S, € T and natural numbers dy, d,...,d, such that
e 5q is not headed with @, and for 1 < ¢ < n the term s; is headed with & and has exactly
two atoms, that is s; = s} @ s?
o f%(s0) = fh(s1)
o V1 <i<n—1: fhi(s]) = fh+1(shyy)
The d; are the respective lengths of the chains of (F) rules. By Lemma 22, Corollary 25,
and the minimality of the proof we obtain that all the d; are smaller than or equal to A,qz.
2. u is headed with @, that is © = u1 & us.

By minimality of the proof P, there is no non-empty subset of the hypotheses to the rule
(GX) at the root of P’ for which their combination by @ yields 0. There are two possibilities:

(a) there are terms sg, $1,. .., 8, € T and natural numbers dy,dy, ... ,d, such that

e 3o is not headed with @, and for 1 < i < n the term s; is headed with @& and has
exactly two atoms, that is s; = s} & s?

o fh(s0) = fh(s1)
e V1<i<n-—1: fli(s?) = fdi“(s}_irl)
and there are terms rq,rq,...,7, € T and natural numbers eg, e1, ..., e, such that

e 1o is not headed with @, and for 1 < i < m the term 7r; is headed with & and has
exactly two atoms, that is r; = r} @ r?

o f(ro) = fr(r})
o VI <i<n—1l: fo(r}) = feri(riy,)
This is illustrated in Figure 5.7(b). In this case we conclude as in the first case.
(b) there are terms s1,...,$, € T and natural numbers dy, ..., d, such that

e for 1 < i < n the term s; is headed with & and has exactly two atoms, that is
_ .l 2
S$i=8; Ds;
o V1 <i<n—1: fhi(s]) = fh+i(siyy)
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This is illustrated in Figure 5.7(c).

The d; are the respective lengths of the chains of (F) rules. By Lemma 22, Corollary 25,
and the minimality of the proof we obtain that all the d; are smaller than or equal to
Rmaz- O
Corollary 25 Let A be a one-counter automaton and  : (g, c,) —* (r,74) a path between the state
q with the counter ¢, > 0 and the state r with the counter ¢, > 0. Let n' = maz(n, [\/c4], [\/r])-
There exists a path © : (q,cq) —* (7, ¢,) between the state g with the counter ¢, > 0 and the state
r with the counter ¢, > 0 such that the counter is always smaller than n'® +n'? + ¢mas-

The proof of this lemma is given in the appendix.

5.3.3 Locality in the General Case

In the general case we obtain a locality result for a notion of subterm which may yield an expo-
nential blow-up.

Lemma 26 Let M C T(X), tog € T(X), and t1,...,t, € ST(M).
If(to@tl @@tn)l S S@(M) then tg € S@(M)

Proof: By Property 6, tg € Sg (M) if every atom of ¢ is an element of Sp(M). This is obvious
since every atom of ¢y either appears in the final sum, or is canceled out by an atom of one of the
terms t1,...,t,. ]

Theorem 4 (Locality) If there is a proof P of T - u then there is a Sg-local proof of T F w.

Proof: If there is a proof of T' w then there also is a @-lazy and minimal proof of T+ w. By
Corollary 20, all nodes except those that are obtained by rule (F) and which lead to a hypothesis
of rule (GX) by a sequence of successive applications of (F), are labeled by terms in Sp(T,w) C
Se (T, w).

In particular, all labels at the nodes obtained by (GX) are in Sg (T, w).

We now transform this proof into an @®-eager proof by pushing all applications of (GX) as far
as possible to the leaves. Note that if a label in some node is in Sg (7, w) then its predecessor by
rule (F) is also in Sg (T, w).

Hence we obtain that the labels of all nodes are in Sg, (T, w) by applying inductively Lemma 26
on this ®-eager proof. o

The construction is illustrated in the following example:

Example 16 (Transformation of a ©-lazy Proof into Sg-Local Proof) Let T be the set of
terms T = {a © d,b D c, f(b)}. The following proof of T+ f2(a) ® f2(d) @ f(b) @ f(c) is B-lazy:

a®deT
(4)
THa®d bdceT
(F) 4 —
Tk fa) & f(d) Trbae fb)eT
(F) Fr) ——— (A4) ——
T+ f(a)® f3(d) T f(b)a fle) T+ f(b)
(GX)
T+ f3(a) ® f2(d) ® f(c)

We transform it into a Sg-local proof.
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a®deT

A4) —
THa®dd bdceT
(F) ———— (A ———
T+ f(a) @ f(d) THb®c
(GX)
T+ fla)® fd)®b®c fb)eT
(F) (A) ———
Tk f*a)® f2(d) & f(b) @ f(c) T+ f(b)
(GX)
Tk f(a)@ f2(d) @ f(c)

5.4 Locality for the Equational Theory AGh

5.4.1 Some New Definitions

We have to adapt some definitions in the presence of the inverse operator I. First note that, in
the definition of subterm we can now also decompose an I operator. The definition 23 of syntactic
subterms now becomes:

Definition 30 (Syntactic Subterm S) We define the set of syntactic subterms S(t) of a term
t as the smallest set S(t) such that:

o tcS(t)

o (u,v) € S(t) then u,v € S(¢)

o {u}, € S(t) then u,k € S(t)

o ift € S(t) then atoms(t) C S(t)
o f(u) € S(¢t) then u € S(t)

o I(u) € S(t) then u € S(t)

Definition 31 (I(T)) Let T be a set of terms, I(T') is the set of the normal forms of all terms
of T where the operator I is applied once, that is

I(T) = (1) L | t € T)
Example 17 If T = {I(a),b® f(c),I(f(c)) ® a} then I(T) = {a,I(b) & I(f(c)), f(c) ® I(a)}.
Definition 32 (Sr,) Sr, = S¢(T U I(T)) = Sp(T) U Sp(I(T))
Definition 33 (SIg(T)) SIg(T) = Se(St,(T))

Definition 34 (I-®-lazy Proof) Let P a proof of T b w, P is a I-®-lazy proof if P is ®-lazy,
there is no (GX) immediately above (I) in P and there is no (I) immediately above (F) in P.

Definition 35 (I-Minimal-®-lazy Proof) P is a I-minimal-&-lazy proof of T + w if only if P
is a I-®-lazy proof of T + w which is minimal among all I-B-lazy proofs.

Notice that there are never two successive applications of (I) in a minimal proof. We obtain
again that

Lemma 27 If there is a proof of P F w then there is also an I-®-lazy proof of P+ w.

Proof: To obtain a I-®-lazy proof we apply the proof transformation rules given in Figures 5.2,
5.1, 5.8 and 5.9.
O

Obviously, if there is a proof of T F w then there is also an [-minimal-®-lazy proof of T F w.
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THxz THx

@ F) —
T+ I(z) — TF f(z)

O —
TEf(z)|=1I(f(z)) THI(f(x))

Figure 5.8: Equivalence between (I)-(F) and (F)-(I)

Trxz..TEx, TkExz Tk z,
(GX) m SRS
Thz1®...0x, = THI(z1) T+ I(z,)
@ (GX)
THI(z1)®...® I(z,) THI(z)®...0I(zy)

Figure 5.9: Transformation of (GX)-(I) into (I)-(GX)

5.4.2 Some Lemmata and Properties in the AGh Case

The following lemma is similar to Lemma 17:

Lemma 28 Let P be a I-minimal-®-lazy proof of T + w and let P’ be a subproof P with root label
T+ N. If the last rule applied in P' is (GX) then N € Sy, (w) U Sp,(T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = - P, =
P = TFR, TFR,

THw

Assume that all immediate subproofs P; of P with root label T' - R; verify the property i.e. if
there is the rule (GX) in P; then the node resulting from this rule application and labeled by
T F N; satisfies that N; € St,(R;) U St,(T).

We proceed by case analysis on the last rule applied in the proof P:

1. (P), (C), (F), (I): In this case any application of rule (GX) occurs in a subproof P;. For
these rules St, (R;) C ST, (w) for all ¢ and the result follows from the induction hypothesis.

2. (UL), (UR) or (D): In this case any application of rule (GX) occurs in a subproof P;.
By Lemma 10 we have that St,(R;) C St,(T) for all 4, we hence conclude by induction
hypothesis.

3. (GX): Let Py be a subproof of P with root label 7'+ N which terminates with an application
of the rule (GX).

(a) If Py is P itself then N = w and the claim holds.

(b) If Py is a proper subproof of P then Py is a subproof of one of the P;’s.
By induction hypothesis we have that N € St, (T) U St, (R;).

If N € S7,(T) we are done, otherwise let P/ be the subproof of P; such that P/ does
not terminate on (F) or (I), and P; is obtained from P/ by a sequence of n applications
of (F) or (I).

Let T+ R} be the label of the root of P;.
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It is enough to show that R, € Sy, (T"U{w}) since the result then follows by induction
hypothesis.

By construction the last rule application of P/ cannot be (F), and since the proof P is
@-lazy it also cannot be (GX) or (I).

There are two possible cases: R; is headed with @ or not. Note that R, is headed with
@ iff R; is headed with @.

i. If R, is headed with @: the last rule application in P/ cannot be (P) or (C), and it
cannot be (GX) or (F) or (I) as seen above.
Hence, the last rule application of P must be one of (A), (D), (UL) or (UR).
By Lemma 10, we get R, € St,(T).

ii. If R, is not headed with @: Either R; € Sp, (w) and we are done, or R; ¢ St, (w)
and R; is canceled out by another term in the (GX) rule.
Since P is minimal, R; must be canceled out by some term R; which is headed with
@® and which is obtained by a subproof P;: otherwise the same term would appear
twice in the sum, and we could obtain a smaller proof just by omitting these two
terms, which contradicts the minimality of P.
Therefore we can write R; = R; & A;.
Since P is a ®-lazy proof the last rule of P/ cannot be (GX) nor (F) nor (I) by
definition.
If it was one of (UL), (UR), (D) or (A) then we are done by applying as before
Lemma 10.
If it is (P) or (C), we observe that R} is not headed by f and that #¢(R;) = n.
We now go up from R; = R; @ A; as long as possible along a sequence of (F) or (I)
rules: let P be the subproof of P; such that P; does not terminate on (F) or (
and such that P; is obtained from P by a sequence of m applications of (F) or (
Since R; € atoms(R;) we get m < #,(R;) < #(R;) =n.
Let R/ @ A be the label of the root of P]. Since the proof is I-©-lazy proof and
by construction, the last rule of P} cannot be (GX) or (F) or (I).
It also cannot be (P) nor (C) because R/ @ A is headed with .
Hence, the last rule of P must be one of (A), (UR), (UL), (D). By the Lemma 10
we have that St, (R} ® A;) C St,(T).
It follows that R} € St,(R! & A) C St,(T) because m < n, and we conclude by
applying the induction hypothesis. O

D),
I

The next lemma is similar to Lemma 18:

Lemma 29 Let P be a I-minimal-®-lazy proof of T + w. For every subproof P’ of P with root
label T = N, and where the last rule application is (P) or (C), we have that N € St,(w)U S, (T).

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = . P, =
P = TR, TFR,

THw

Assume that all immediate subproofs P; of P with root label T' - R; verify the property i.e. if
there is the rule (P) or (C) in P; then the node resulting from this rule application and labeled by
T F N; satisfies that N; € St,(R;) U St,(T).

We proceed by case distinction on the last rule applied in the proof P:

1. (P), (C): Consider a subproof Py of P which terminates with an application of the rule (P)
or (C) and whose root is labeled by T+ N.
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(a) If Py is P itself then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py must be a subproof of one of the P;, hence by
induction hypothesis we have that N € St,(T) U S, (R;) C ST(T) U S, (w).

2. (F): In this case any application of rule (P) or (C) must be in one of the the subproofs
P;. We conclude immediately by induction hypothesis and by the fact that for this rule
STI (Rz) Q STI (u) for all 1.

3. (UL) (UR) or (D): In this case any application of rule (P) or (C) must be in one of the
subproofs P;. By Lemma 10 we have that St,(R;) C St,(T) for all i, we hence conclude by
induction hypothesis.

4. (GX): In this case any application of rule (P) or (C) must be in one of the the subproofs P;,
hence by induction hypothesis we have that N € Sr,(T) U St,(R;). If N € S1,(T) we are
done, otherwise let P/ be the subproof of P; such that P/ does not terminate on (F) or (I),
and P; is obtained from P/ by a sequence of n applications of (F) or (I). Let the root of P/
be labeled by T'+ R.. By induction, it is enough to show that R; € St,(T'U {w}).

By construction the last rule application of P/ cannot be (F), and since the proof P is ®-lazy
it also cannot be (GX) or (I). There are two possible cases: R) is headed with @ or not.
Note that R; is headed with & iff R; is headed with &.

(a) If R} is headed with @: the last rule application in P/ cannot be (P) or (C), and it

2

cannot be (GX), (F) or (I) as seen above. Hence, the last rule application of P/ must

be one of (A), (D), (UL) or (UR). As a consequence, R; € St,(T) by Lemma 10.

(b) If R} is not headed with @: Either R; € Sy, (w) and we are done, or R; ¢ S, (w) and
R; is canceled out by another term in the (GX) rule. By minimality of the proof P, R;
must be canceled out by some term R;, which is obtained by a subproof P;, and which
is headed with @ (otherwise we would have twice the same term in the sum, and we
could obtain a smaller proof just by omitting these two terms, which is contradiction
to the minimality of the proof). We can hence write R; = R; ® A;.

Since we have a @-lazy proof and by construction, the last rule of P/ cannot be (GX),
(F) or (I) and if it was one of (UL), (UR), (D) or (A) then we are done by applying as
before Lemma 10. It remains the case that the last rule of P/ is one of the rules (P)

K3

or (C). In this case we observe that R, is not headed by f, and that by consequence
#[(R;) = n.

We now mount up from R; = R; & A; as long as possible over a sequence of (F) or
(I) rules : let P; be the subproof of P; such that P} does not terminate on (F) or (I),
and such that P; is obtained from P; by a sequence of m applications of (F) or (I).
Obviously, m < #f(R;) < #f(R;) = n, since R; € atoms(R;). Let the root of P; be
labeled by R} & AY.

Since we have a @-lazy proof and by construction, the last rule of P]{ cannot be (GX),
(F) or (I). It also cannot be (P) or (C) because R/ ® AY is headed with @. Finally, if it is
one of (A), (UR), (UL), (D) then by the Lemma 10 we have that St, (R ®A;) C St,(T).
In this case, R, € St, (R} ® A) C St,(T') because m < n, and we conclude by applying
the induction hypothesis. O

The next lemma is similar to Lemma 19.

Lemma 30 Let P be an I-minimal-®-lazy proof of T + w and consider a subproof P’ with root
label T+ N, such that the last rule of P' is (F) or (I). If all nodes from the root of P’ to the root
of P are (F) or (I), or if the first successor not labeled by (F) or (I) of the root of P’ in P is
labeled by a rule different from (GX), then N € St,(T U {w}).

This lemma states that (F) or (I) nodes are harmless as long as they do not yield via a sequence
of successive (F) or (I) nodes to a hypothesis of a (GX) rule.
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Proof: If all nodes from the root of P’ to the root of P are (F) or (I), then obviously by induction
N € St,(w). Otherwise, if the first successor of the root of P’ in P which is not labeled by (F) is
labeled by a rule (Z) different from (GX) we consider the different possibilities for (Z):

e (Z) cannot be (A)

e (Z) cannot be (UL), (UR), (D) since the hypothesis to (Z) is headed by f.

e (Z) can only be (P) or (C), and in this case we conclude by Lemma 29. O
The following corollary summarizes the lemmata of this subsection analogously to Corollary 20:

Corollary 31 Let P be a I-minimal-®-lazy proof of T = w. All nodes of P are labeled by terms
in St,(T,w) except the nodes which are constructed by (F) or (I) and which yield by a sequence
of (F) or (1) steps to a hypothesis of a (GX) rule.

5.4.3 Locality in the Binary Case

In the binary case, that is when all terms in Sp (7', w) have at most two atoms, we can in fact find
an upper bound for the number of applications of (F). The key to this upper bound is a technical
lemma about counter automata which is proven in the appendix. The construction is similar to
the one used in the binary case for the equational theory ACUNh.

Definition 36 Let T be a set of terms such that every term in T has at most two atoms. The
automaton associated with T', abbreviated Ar, is a one-counter automaton without input defined
as follows:

We partition T = Ty W Ty where T is the set of terms not headed with &, and Ty is the set of
terms headed with ®.

o The set of states QT of Ar is defined as

Qr = PrURpU{INIT}
Pr = {p',1(p)) | p € Strip;(Th)}
Ry = {r, I1(r'") | r € Strip;(Ty) U Strip;(atoms(T2)) }

e INIT is the initial state of Ap.

o The set of transitions is:

From To Condition | Action
Vte T : INIT (Strip,(t))’ c>0 ci=c
VieT: (Stripg(t))’ (Strip;(t))’ c>0 ci=c+1
VteT: (Stripg(t))’ (I(Strip(t)))" | ¢ >0 ci=c
Vte T : (Strip,(t))’ Strip(t) c>H#5(t) | ci=c
VieT: (I(Stripg(t)))" | I(Strip;(t)) c>#5t) | ci=c
Vi@ s €Ty | I(Stripg(t)) Strips(s) c>H#Hp(t) | ci=c—F#5(t) +#4(s)

In the definition of the automaton, the primed states in Pr are only intermediate states which do
not correspond to a proof; only the states in Ry correspond to proofs in a sense to be made precise
below. Note that in the last line of the above transition table the statement “t ® s € Ty” is to be
understood modulo AC, such that we obtain from a binary clause a back and a forth transition,
as already explained in the informal definition of the automaton given in Section 5.3.2.

Example 18 The automaton Ar for T = {a ® f?(b),a} is as follows, where I denotes the initial
state:
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ci=c+1 c20,

ci=c+2
c>0, c >0,
I c:=c 2 c:=c+0 a b
c> 2,
c:=c—2
c>0,
c:=c
c>0,
c:=c+2
c>0,
I 7% Ia b
c>2,
ci=c—2
Lemma 32 Let T be a set of binary terms. For all terms to,t1,...,t, € Strips(atoms(T)) U
I(Stripg(atoms(T'))) and all natural numbers co, c1, ..., cn we have that

Ar = (INIT, 0) — (t,0) — ... — (ty,co) — (to,co) — (t1,c1) = .. — (tn,cn)
iff there are terms sg, $1,...,8, € TUI(T) and natural numbers dy,dq, ..., d, such that:

1. sg is not headed with &, and for 1 <i < n the term s; is headed with & and has exactly two
atoms, that is s; = s} @ s?

2. fh(s0) = f(to)
3. V1<i<m: fhi(s))=I(f"*(ti-1))
VLS <ne fO(sE) = o 1)

As a consequence, we obtain that
P 1t (i) L= o (s2) = 1 (k)
i=0

Lemma 33 Let T' be a set of binary terms. For all terms to,...,t, € Strip;(atoms(T)) U
I(Strip;(atoms(T))) and all natural numbers co, ..., cn, we have that

Ar E (t1,¢1) — ... — (tn, cn)
iff there are terms s1,...,8, € TUI(T) and natural numbers dy,dy, .. .,d, such that:
1. for 1 <i < n the term s; is headed with ® and has exactly two atoms, that is s; = s} ® s?
2. V1 <i<n: fli(sh) =I(f1(ti_1))
3.Vl <i<n: fli(s?) = fei(t;)

As a consequence, we obtain that
P 1o (s L= FU(sh) @ f2(s2) = [ (t0) & [ (1)
i=1

We can now give the definition of h,q: Given T and w, we define Apar = 12 + 1”2 + Gmae
where:
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n' = |AST(T,w)‘ * Cmax

Cmaz = mazdiff(S7(T,w))
mazdif(T) = max{|#s(u) —#s)||udveT}
Imaz — max{#f(t) ‘ te ST(T7w)}

Lemma 34 Let be P an I-minimal-®-lazy proof of T+ w. All nodes of P are in S¢(T,w, hmaz)-

Proof: Let be P an I-minimal-®-lazy proof of T F w. First note that, by Corollary 31, all nodes
except those that are obtained by rule (F) and which yield by a sequence of successive applications
of (F) or (I) a hypothesis of rule (GX), are labeled by terms in S7(T,w) C Sy(T,w, Amag)-

Let P’ be a maximal subtree of the proof P such that its root is obtained by rule (GX) and all
non-root nodes are obtained by rule (F) or (I). Let the root of P’ be labeled with T'F u. Again by
Corollary 20, both u and the labels at all the leaves of P’ are in S (T, w). There are two cases:

1. u is not headed with ©.

By minimality of the proof P, there is no non-empty subset of the hypotheses to the rule
(GX) at the root of P’ for which their combination by @ yields 0. Hence, the leaves of P’ are
marked with exactly one term s which is not headed with @, and a set of terms s1,...,sy,
which are headed with @& and have exactly two atoms.

In this case, there are terms sg, s1,...,$, € T and natural numbers dy, dy, ..., d, such that

e 5 is not headed with @, and for 1 < ¢ < n the term s; is headed with & and has exactly
two atoms, that is s; = s} @ s?
o fP(s0) = f"(s])
o V1<i<n-—1: fli(s?) = fli+i(sl,,)
The d; are the respective lengths of the chains of (F) rules. By Lemma 32, Corollary 25,
and the minimality of the proof we obtain that all the d; are smaller than or equal to A4

2. wu is headed with @, that is u = uy; ® us.

By minimality of the proof P, there is no non-empty subset of the hypotheses to the rule
(GX) at the root of P’ for which their combination by @ yields 0. There are two possibilities:

(a) there are terms sg, s1,...,s, € T UI(T) and natural numbers do, ds,...,d, such that
e 3o is not headed with @, and for 1 < i < n the term s; is headed with @ and has
exactly two atoms, that is s; = s} @ s7
o f%(s0) = f"(s1)
o VI <i<n—1: fU(s]) = fhi(s]1y)
and there are terms rg,71,...,7, € T and natural numbers eg, e, ..., e, such that
e 7o is not headed with @, and for 1 < i < m the term r; is headed with & and has
exactly two atoms, that is r; = r} & r?
o f(ro) = f(r1)
o VI<i<n—1l fo(rf) = fori(rly,)
In this case we conclude as in the first case.
(b) there are terms s1,...,8, € TUI(T) and natural numbers dy, ..., d, such that
e for 1 < i < n the term s; is headed with @ and has exactly two atoms, that is
§; = sl1 ® sf
o VI<i<n—l fhi(s}) = fh1(syy)
The d; are the respective lengths of the chains of (F) rules. By Lemma 32, Corollary 25,

and the minimality of the proof we obtain that all the d; are smaller than or equal to
O

hmam-
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5.4.4 Locality in the General Case

In the general case we obtain a locality result for a notation of subterm which is of exponential
size.

Lemma 35 Let M C T(X), to € T(X), and t1,...,t, € S, (M).
If to®t1 ... @tn) le SI@(M) then ty € SI@(M)

Proof: In order to show that ty € Sg (M) it is by Property 6 sufficient to show that every atom
of to is an element of Sy, (M), which is obvious since every atom of ty either appears in the final
sum, or is canceled out by an atom of one of the terms ¢y, ...,%,. O

Theorem 5 (Locality) If there is a proof P of T b u then there is a SIg-local proof of T b u.

Proof: If there is a proof of T F w then there also is an I-minimal-®-lazy proof of T F w. Since
the proof has a minimal number of nodes among all I-®-lazy proofs of T'F w there cannot be two
(I)-steps which are connected by a sequence of (F)-steps (otherwise we could obtain a smaller and
still I-®-lazy proof by omitting the two (I)-steps). We can now commute the (I) steps with the
(F) steps according to Figure 5.8 and push the (I) steps as far as possible towards the leaves. The
resulting proof is still I-minimal-&-lazy.

By Corollary 31, all nodes except those that are obtained by rule (F) and which yield by
a sequence of successive applications of (F) a hypothesis of rule (GX), are labeled by terms in
St(T,w) C Sg(T,w). In particular all labels at the nodes obtained by (GX) are in SIg(T,w).
We now transform this proof into an @-eager proof by pushing all application of (GX) as far as
possible to the leaves. Note that if a label in some node is in SIg(T, w) then its predecessor by
rule (F) is also in SIg(7,w). Hence we obtain on this @-eager proof, by applying inductively
Lemma 35, that the labels of all nodes are in SIg(T,w). O
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Chapter 6

Locality in Case of a Homomorphic
Encryption Operation

In this section we generalize the problem and replace the homomorphism symbol f by the encryp-
tion operation { },. More precisely, we replace the law of homomorphism for one function symbol
f by the new equational axiom

{roy}. = {z}: @ {y}.

In some sense we now get an infinite family of homomorphism functions, one for each possible
key. Note, however, that the encryption key is a first-class value, and that now the homomorphic
operation can also be decomposed by virtue of the (D) rule.

We have to push up the application of the rule (GX) over the rule (D). This transformation is
possible as it is shown by Figure 6.2

The Lemmata 10 and 9 are easily adapted to the case where the homomorphism symbol f is

{ be

6.1 Locality in the ACh Case

Lemma 12 and Lemma 11 still hold in this case.

Lemma 36 Let P be a ®-lazy simple proof of T = w and let P’ be a subproof P’ of P with root
label T & N. If the last rule applied in P' is (GX) then N € Sp(w) U St(T).

keT
X) X) (A) ——
THA{z}y keT THA{z}y THE
D ————— ) —
T+ I({z}) THEk Thaz
(D) @
T+ I(z) T I(z)

Figure 6.1: Commutation of (D) and (I)
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TH{x}r TrEk Tr{z,}v Tkrk

ThHx Tk x,

(GX)
Tl—{xl}k@...@{l?n}k THE

(D)
TFz:8...®z,

Figure 6.2: Transformation of (D)-(GX) into (GX)-(D) in case that all hypotheses of (GX) are
obtained by (D) with the same key

Proof: By induction on the size of the proof P. The base case is trivial. Let us assume that P
is of the form

P = ' P, =
P = TFR, TFR,

THw

Assume that all immediate subproofs P; of P with root label T' + R; satisfy the property i.e.
if there is the rule (GX) in P; then the node resulting from this rule application and labeled by
T F N; satisfies that N; € Sp(R;) U St (T).

We proceed by case analysis on the last rule applied in the proof P:

1. (P), (C): In this case any application of rule (GX) must be in one of the the subproofs
P;. We conclude immediately by induction hypothesis and by the fact that for these rules
St(R;) C Sp(w) for all 4.

2. (UL), (UR) or (D): In this case any application of rule (GX) must be in one of the subproofs
P;. By Lemma 10 we have that Sp(R;) C Sp(T) for all ¢, we hence conclude by induction
hypothesis.

3. (GX): Consider a subproof Py of P which terminates with an application of the rule (GX)
and whose root is labeled by T'+ N.

(a) If Py is P itself then N = w and the claim obviously holds.

(b) If Py is a proper subproof of P then Py must be a subproof of one of the P;, hence by
induction hypothesis we have that N € Sp(T) U St (R;).
If N € Sp(T) we are done, otherwise let P/ be the subproof of P; such that P/ does
not terminate on (C), and P; is obtained from P/ by a sequence of applications of (C).
Let T+ R} be the label of the root of P/. It is enough to show that R; € Sp(T'U {w})
since the result then follows by induction hypothesis.

By construction the last rule application of P/ cannot be (C), and since the proof P is
®-lazy it also cannot be (GX).

There are two possible cases: R] is headed with & or not.

i. If R; is headed with @: the last rule application in P/ cannot be (P), and it cannot
be (GX) or (C) as seen above. Hence, the last rule application of P/ must be one
of (A), (D), (UL) or (UR). By Lemma 10 we get R; € St (T).
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ii. If R} is not headed with @ then R; is not headed by @ either, and we conclude by
Lemma 12 that N € Sp(T U {w}). |

The proof of the Lemma 14 for the case (P) and the proof of the Lemma 15 can be adapted
to the general setting of this chapter following the same way than for the Lemma 36.
Hence, we obtain the locality result.

6.2 Locality in the ACUNhI Case

6.2.1 Properties of ®©-lazy Proofs in the ACUNh Case
Corollary 37 Let P be a ®-lazy proof of T b w. All the keys used in the proof P are in S(T,W).

Proof: It is an immediate consequence of Corollary 20 because in a @-lazy proof all nodes are
in S7(T,w) except those which are produced by the rule (F) and ended on (GX), so all the keys
used in the proof P are in Sp(T,W). O

The consequence of this lemma is that in a minimal and @-lazy proof, only a finite number of
different encryption keys is used. We can hence generalize the automata technique of Section 5.3.2
from a one-counter automaton to a pushdown automaton, where now every encryption key cor-
responds to a stack symbol. As a consequence of the above corollary we only get a finite stack
alphabet.

Using the same technique than in the previous section, the Lemmata 17 and 18 in the case of
(P) can be adapted to the more general setting of this chapter.. Lemma 19 can be easily adapted
in the ACUNh case. We deduce again Corollary 20.

6.2.2 Locality in the Binary Case

In the binary case, that is when all terms in S (7', w) have at most two atoms, we can in fact find
an upper bound for the number of applications of (C). The key to this upper bound is a technical
lemma about push down automata which is proven in the appendix.

In the binary case we associate to the set Sp(7T,w) a push down automaton. The states of
the automaton are atoms of St (7T, w) without top-level f-symbols, and the stack represents the
number of applications of C' to a term. We first give an informal explanation of the construction.
The formal definition of the automaton is the same that in Definition 29 replacing one-counter
automaton by push down automata. We obtain all the lemmata, in particular:

Lemma 38 Let be P a minimal-®-lazy proof of T - w. All nodes of P are in S¢(T,w, hmaz)-

6.2.3 Locality in the General Case

In the general case we obtain a locality result for a notation of subterm which is of exponential
size.

We have to define a new notion of a @-eager proof, because now there are many homomorphic
function symbols.

Definition 37 (C-@-eager Proof) Let P be a proof of T + w, P is a C-®-eager proof if P is
flat and if for every k there is at most one (F) with encryption key k immediately above (GX) in
P.

Example 19 (©-lazy Proof Transforms into a C-@®-eager Proof) Here is a ®-lazy proof
of THwa® {v}, where T = {u,v,w ® {uly, k}.
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uweT keT veTl keT

4) A) — (4) A4) —
Fu TrHE Tku Tkk we{ulreT
© (©) 4) —
T+ {u}y TH{v}k Trw {u}r
(GX)
THwa {v}h
We transform it into a C-B-eager proof
uel veT
(4) (4)
THu TrFv keT
(GX) A) —
THusw Tk we fube €7
. (4) ————
(C) THw® {u}

TH{u® v}, ={ulr ®{v}k

(GX)
THw® {v}

We have to generalize Lemma 26 in order to cope with an infinite number of homomorphic
functions. This yields

Lemma 39 Let M C T(X), to,,...to, € T(X), and t1,...,t, € Sp(M) and for all i,j if i # j
then to, #toj. If(tol ... Do, @tl@@tn)l S S@(M) then Vi € {1,27...,k},t0i S S@(M)

Proof: In order to show that Vi € {1,2,... k},tg, € Se(M) it is by Property 6 sufficient to
show that every atom of ¢y, is an element of S (M), which is obvious since every atom of ¢, either
appears in the final sum, or is canceled out by an atom of one of the terms t¢1,...,%,. O

Theorem 6 (Locality) If there is a proof P of T b u then there is a Sg-local proof of T b w.

Proof: If there is a proof of T' F w then there also is a minimal-®-lazy proof of T F w.
By Corollary 20, all nodes except those that are obtained by rule (C) and which yield by a
sequence of successive applications of (C) a hypothesis of rule (GX), are labeled by terms in
St(T,w) C Sg(T,w). In particular, all labels at the nodes obtained by (GX) are in Sg (T, w).
We now transform this proof into an C-@-eager proof by pushing all application of (GX) as far
as possible to the leaves. Note that if a label in some node is in Sg (T, w) then its predecessor
by rule (C) is also in Sg(T,w). Hence we obtain on this C-@®-eager proof (there is at most one
application of (C) with the same key, hence we get that for all 4,5 if i # j then to, # to,), by
applying inductively Lemma 39, that the labels of all nodes are in Sg (T, w). O

6.3 Locality in the Case of Abelian Groups

6.3.1 Some New Definitions

The rule (I) and (C) commute, because (F) and (I) commute. However (I) and (D) commute like
it is shown in Figure 6.1.
We use all definitions of the previous section.

6.3.2 Some Lemmata and Properties in the AGh Case

Lemmata 28, 29, 19 still hold, and we obtain an analogon of Corollary 31.

6.3.3 Locality in the Binary Case

The same construction is still available considering now a push down automaton. Hence, we obtain
the same result as in the AGh case (lemmata about push down automata are given in Appendix).
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6.3.4 Locality in the General Case

In the general case we obtain a locality result for a notation of subterm which is of exponential
size.

Lemma 40 Let M C T'(Y), to,,---to, € T(X), and t1,...,t, € Sp,(M) and for all i,j if i # j
then to, # to,. If (to, ®...Dto, ®t1 D ... Dty) | € SIg(M) then Vi € {1,2,...,k}, to, € SIg(M).

Proof: In order to show that Vi € {1,2,...,k},to, € Sg(M) it is by Property 6 sufficient to
show that every atom of to, is an element of St, (M), which is obvious since every atom of #,
either appears in the final sum, or is canceled out by an atom of one of the terms ¢1,...,t,. O

Theorem 7 (Locality) If there is a proof P of T+ u then there is a Slg-local proof of T F w.

Proof: If there is a proof of T F w then there also is a I-minimal-®-lazy proof of T F w. Since
the proof has a minimal number of nodes among all I-®-lazy proofs of T'F w there cannot be two
(I)-steps which are connected by a sequence of (C)-steps (otherwise we could obtain a smaller and
still I-®-lazy proof by omitting the two (I)-steps). We can now commute the (I) steps with the
(C) steps like in Figure 5.8 and push the (I) steps as far as towards the leaves. The resulting proof
is still I-minimal-®-lazy.

By Corollary 20, all nodes except those that are obtained by rule (C) and which yield by
a sequence of successive applications of (C) a hypothesis of rule (GX), are labeled by terms in
St(T,w) C Sg(T,w). In particular all labels at the nodes obtained by (GX) are in SIg (T, w).
We now transform this proof into an @-eager proof by pushing all application of (GX) as far as
possible to the leaves. Note that if a label in some node is in SIg (T, w) then its predecessor by
rule (C) is also in SIg(T,w). Hence we obtain on this @-eager proof, by applying inductively
Lemma 40, that the labels of all nodes are in SIg (T, w). m|
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Chapter 7

Conclusion

A summary of the results obtained on the complexity of the intruder deduction system modulo
AC-like equational theories with homomorphism is given in the following table. The results for
homomorphism only (without AC axioms) have been shown in a different paper [CLT03] and are
here cited only for completeness.

Intruder deduction problem ground case
Binary case \ General case
Homomorphism PTIME [CLTO03]
AC and PTIME NP-Complete
Homomorphism
ACUN and PTIME EXPTIME
Homomorphism
Abelian Groups PTIME EXPTIME
and
Homomorphism

The reason for the high complexity in the general case is a different one for the different
equational theories considered, as shown in the following table:-

Complexity in general case
Computation of One step General deductibility
sub-terms deductibility
Homomorphism PTIME PTIME PTIME
AC and PTIME NP-Complete NP-Complete

Homomorphism

ACUN and EXPTIME PTIME EXPTIME
Homomorphism
Abelian Groups EXPTIME PTIME EXPTIME

and

Homomorphism

As future work, we plan to investigate the case of an active intruder. We can yet observe that
it has been shown in [CDLO04] that decidability of unification modulo an equational theory E is
a necessary condition for the decidability of the security of a protocol for a bounded number of
sessions and in presence of this equational theory E. Since unification modulo AC plus homomor-
phism is known undecidable [Nar96], the security against active attackers is undecidable at least
for this equational theory as well.
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Chapter 8

Appendix

8.1 One-Counter Automata

In this report we consider one-counter automata, which are non-deterministic finite-state automata
operating on a single counter variable which takes values into N. We denote by |A| the number of
states of the automaton A.

Definition 38 (One-Counter Automata) A one-counter automaton A is a tuple (Q, A, qo)
where:

e () is a finite set of control states.
e qo € Q is a distinguished initial control state.

e A gﬁn Q X Q x N X Z is a finite transition relation.

A configuration of a one-counter automaton is a pair (g,c) composed of a state ¢ € @ and
of a natural number ¢ which represents the current value of the counter variable. The transition
relation between configurations is defined by (g1,¢1) — (g2, c2) if there is some (g1, ¢2,m,c) € A
such that ¢; > m and ¢s = ¢; + ¢. The reflexive transitive closure of — is denoted by —*. A
sequence of transitions leading from a configuration (g1,¢1) to a configuration (go, c2) is called a
path. We denote by 7 : (q1,¢1) —* (g2, c2) the fact that = is a path from (g1,¢1) to (g2,¢c2). A
path 7’ is a subpath of 7w iff 7 = 77/ 7ma.

Given a one-counter automaton A = (Q, A, qp) we define:

® Cmar — max{c ‘ 3(11»(]27m : (Q1aQQ»m;C) S A}
® Gmax = max{m | 36]17(12;0 . (Q17Q2ama C) S A}

o n=|A|*Ccmax

Figure 8.1: Illustration of Lemma 42

Lemma 41 Let A be a one-counter automaton and let 7 : (q,c¢) —* (¢',c+n) be a path between
the configuration (q,c) and the configuration (¢',c+n). Then there exists a subpath @' of ™ such
that @' : (¢",c") —=* (¢", " + d) where ¢" is some state and ¢”,d are natural numbers such that
0<d<n.
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Proof: We have a path between the state ¢ with the counter ¢ and the state ¢’ with the counter
g+ n, where n = |A| * ¢jar. A transition increments or decrements the counter by at most ¢;qz-
Therefore there is a sequence (¢, ¢) = (¢1,¢1) —=* (g2, ¢2) —=* ... =* (gp, ¢p) = (¢’, ¢+ n) such that

1 <ca<...<Cpy € —Cim1 < Crmag for i =2,...,pand p > |A|. Therefore there exists a state ¢”
that appears twice in the sequence yielding a subpath 7’ : (¢”, ") —=* (¢",¢” +d) with 0 < d < n.
O

Lemma 42 Let A be a one-counter automaton and let w be a path such that 7 : (q,0) —* (r,0).
Then there exists a path @' : (q,0) —* (r,0) such that for any configuration (s,m) in @' the value
m’ of the counter is smaller than n® + n? + gmaz-

Proof:

Assume that 7 : (¢,0) —* (r,0) is a path and that there exists a part of this path where the
counter is greater than or equal to 73 4+ n2 + g,e. We may assume that nowhere in this path the
counter has the value zero, otherwise we cut this path into two and analyze each part separately.

We aim at constructing a new path from 7 where the counter is always smaller than n3 +n? +
Jmaz and with the same starting and ending configurations.

A peak is a subpath of m where the value of the counter is greater or equal to 73 + n2 4 ¢mas
and the idea of the proof is to decrease a peak by removing parts of the path.

If between two peaks there is a “valley”, i.e. the part between two peaks, which has a counter
smaller than n? + gmax, then we divide the problem into two parts: the first part between ¢ and
the lowest point of the valley, the second between the lowest point of the valley and the rest. We
divide thus the path into several parts on which we can now perform some cuts.

We are going to delete some parts of the path. Everywhere on each deleted part the counter
is between n? + gmae and n? + 13 + gee. We distinguish the “ascent”, i.e. the subpath between
the last point where the counter is smaller than n2 + gy,q, and the peak, and the descent which is
the subpath from the peak to the first point where the counter is smaller than n2 + gmaa-

We partition the ascent into slices where on each slice the counter increases by n; analogously
we partition the descent into slices where on each slice the counter decreases by n, we can see this
partition on Figure 8.1. There are at least n? slices between n2 + gaz and n? +n3 + gyeq. Using
Lemma 41, we find in each slice a value d in the ascent and a value d’ in the descent. Since there
are n possible values for d, n possible values ford d’ and n? slices there is one value for d which
occurs at least n times, and one value for d’ which occurs at least n times.

We remove d’ < n parts of size d from the ascent and d < n parts of size d’ from the descent.
Since we cut only parts above 12 + g,nqe, there are at most n “cuts” and each cut reduces the value
of the counter by at most n, the counter cannot fall below 0, and all conditions remain valid. We
have the same initial and final state and the height of the peak has decreased. By repeating this
process we get a path such that the counter is always smaller than n® + n2 + gmaa- O

Corollary 43 Let A be a one-counter automaton and 7 : (g, cq) —* (r,¢;) a path between the state
q with the counter ¢, > 0 and the state r with the counter ¢, > 0. Let n' = maz(n, [\/c4], [\/cr])-
There exists a path © : (q,¢cq) —* (r,¢,) between the state g with the counter ¢, > 0 and the state
r with the counter ¢, > 0 such that the counter is always smaller than n'> +n'? + gmas-

Proof: In the proof of Lemma 42 we have used the fact that the counter is initially and finally
0 only to obtain that the start and the end of the path are in a valley, that is below n2 + gnaq-
Hence, we can reuse exactly the same proof where we have exchanged n by n'. O

8.2 Pushdown Automata

One-counter automata are a special case of pushdown automata when the stack vocabulary con-
sists of a single letter (plus the special symbol denoting the bottom of the stack). This leads us to
generalizing the previous lemma to pushdown automata. First, we recall the definitions of push-
down automata, then we prove the corresponding lemmata. Several definitions can be given for
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pushdown automata. Since we use pushdown automata as computing devices instead of accepting
devices, we use the following definition.

Definition 39 ( Pushdown Automaton ) A pushdown automaton M is defined as a system
(Qa F7 Av qo, ZO) where:

e () is a finite set of states, including qq.

e I is a finite alphabet called the stack alphabet including Z.

A gﬁn @Q x Q xI'* x I'" is a transition relation.

qo 1s the initial state, an element of Q.

o 7y is the start symbol of the stack, an element of T'.

The additional power of pushdown automata (with respect to finite automata) comes from
the stack which can be used as an infinite memory. A configuration is a pair (¢, Zpw) with
q € Q,w e (I'={Zp})*. The initial configuration is (go, Zp). The transition relation is extended
to configurations by setting (¢, w) — (¢’,w’) iff w = mv,w’ = cv’ and (q,q’,m,c) € A. As in the
case of one-counter automata, we denote by —* the reflexive transitive closure of — and a path
m between two configurations is a sequence of transitions that allows to go from the first one to
the second one.

Given a one-counter automaton A = (Q,T', A, qo, Zo) we define:

® Crmax = mam{|c\ | HQ1,(]2am : ((haQQ»m,C) € A}

® Jmaz = maaz{|g| | 3q17(12a01 (Q17(1279ac) € A}

o n=|A|* Cmazx

Lemma 44 Let A be a pushdown automaton and let 7 : (q,w) —* (¢',w’ = wu) be a path between
the configuration (q,w) and the configuration (¢',w’) such that |w'| = |w| + n. Then there exists
a subpath 7' of of ™ such that ©' : (¢",w") —=* (¢",w"t) with 0 < |t| < n.

Proof: We have a path between the state ¢ with word w into the stack and the state ¢’ with
the word w’ = wt into the stack, where |t| = n which is globally increasing.

We can push and pop by at most ¢4, sSymbols into the stack, so there is a sequence of at least
n + 1 configurations (qg,wg) —* ... =* (gn,wy) such that the word w; is a prefix of the word
witq for i =0,...,n—1, |w| < |wyg|, and w, is a prefix of w’'.

Therefore there is a state ¢ that appears twice in the sequence.

One occurrence is in a configuration (¢”,w” = w;), where w” is a prefix of w’.

Another occurrence is in a configuration (¢”, w”t = w;) (j > i) such that |t| =d, 0 < d < n,
and w'’t is prefix a of w'. |

Lemma 45 Let A be a pushdown automaton and w : (s,e) —* (s',€) a path between the state s
with the word € into the stack and the state s’ with the word € into the stack. There exists a path
7w’ (s,€) —=* (8, €) between the state s with the word € into the stack and the state s’ with the

word € into the stack such that the size of the stack is always smaller than n® + n? + gmaz-

Proof:

Assume that 7 : (s,€) =* (¢, €) is a path of A a pushdown automaton, with n states, and that
there exists a part of this path where the size of the stack is greater than n® + n? + gez. We
assume that nowhere in this path the stack has the value €, otherwise we cut this path into two
and analyze each part separately. We are going to construct a new path from 7 where the size of
the stack is always smaller than n® 4+ n2 + gqe. We use the same method that in the proof of
Lemma 42 using now Lemma 44.
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To this end, we try to lower a peak by removing parts of the path. We first find the peaks i.e.
the parts of the path where the size of the stack is greater or equal to n% 4+ 12 4 gmaz. If between
two peaks there is a “valley”, i.e. the part between two peaks, which has a size of the stack smaller
than n2 + gmaz, then we divide the problem into two parts: the first part between ¢ and the lowest
point of the valley, the second between the lowest point of the valley and the rest. We divide thus
the path into several parts on which we can now perform some cuts.

We are going to delete some parts of the path. Everywhere on each deleted part the size of
the stack is between n? + gmqez and n2 +n3 + gmaes. We distinguish the “ascent”, i.e. the subpath
between the last point where the size of the stack is smaller than n2 + g4 and the peak, and the
descent which is the subpath from the peak to the first point where the size of the stack is smaller
than 72 + gmae-

We partition the ascent into slices where on each slice the size of the stack increases by n;
analogously we partition the descent into slices where on each slice the size of the stack decreases
by n, we can see this partition on Figure 8.1. There are at least n? slices between n? + g4, and
1% + 1> + gmae. Using Lemma 44, we find in each slice a value d in the ascent and a value d’ in
the descent. Since there are n possible values for d, n possible values ford d’ and n? slices there is
one value for d which occurs at least n times, and one value for d’ which occurs at least n times.

We remove d’ < n parts of size d from the ascent and d < n parts of size d’ from the descent.
Since we cut only parts above 172 4 g4z, there are at most n “cuts” and each cut reduces the value
of the counter by at most n, the size of the stack cannot fall below e, and all conditions remain
valid. We have the same initial and final state and the height of the peak has decreased. By
repeating this process we get a path such that the counter is always smaller than n3 4+ n? + g,qs-

O

Corollary 46 Let A be pushdown automaton and 7 : (q,wq) —* (r,w,) a path between the state
q with the word wy with |wy| > 0 into the stack and the state r with the word w, with |w,| > 0 into
the stack. Let n' = maz(n, [v/|wgl|], [\/|wr|]) there exists a path 7' : (q,wq) —* (r,w,) between
the state g with the word wq with |wy| > 0 into the stack and the state r with the word w, with
|w,.| > 0 into the stack such that the size of the stack is always smaller than n'3 + 1'% + gmaz-

Proof: In the proof of Lemma 45 we have used the fact that the size of the stack is initially and
finally € only to obtain that the start and the end of the path are in a valley, that the size of the
stack is below 12 + gnaes. Hence, we can reuse exactly the same proof where we have exchanged
n by n'. O
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